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The course o f  the a lk a lin e  h yd ro lysis  o f  m eth yl-2-(1 -m eth ylpyrro ly l)— 
diphenylphosphonium iod id e  proceeds w ith ex c lu siv e  lo s s  o f  1 -m ethylpyrrole  
w h ils t  in  the corresponding a lk a lin e  h y d ro ly s is  o f benzy l t r i - 2 - (1 -methy 1— 
pyrrolyl)phosphonium bromide cleavage o f  the h e te ro cy c lic  su b stitu en t occurs 
to a minor exten t; both toluene and 1-m ethylpyrrole are formed in  a 3 i 2 
molar r a t io .  These r e s u lt s  in d ic a te  th a t the s t a b i l i t i e s  o f  th e  forming 
carbanions are in  the order b e n z y l2 - ( l - m e t h y lp y r r o ly l )  phenyl, in  
contrast vdth e a r l ie r  stu d ies  on re la ted  2—fu r y l and 2 -th ie n y l system s which 
have shown the h eteroary l carbanions to  be more sta b le  than e ith e r  benzyl or  
phenyl carbanions. The a b i l i t y  o f  the h e ter o cy c lic  systems to s t a b i l i s e  th e  
forming n egative charge in  the 2 -p o sit io n  i s  d iscussed  in  terms o f  the  
O '-inductive e f f e c t  o f the heteroatom and the TT-electron moment o f  each r in g  
system and i s  fu rth er  r e la ted  to the d ir e c t io n  o f the d ip o le  moment o f  each 
h eteroary l group.
The r a te s  o f  a lk a lin e  h yd ro lysis o f m e th y ltr i-2 -(l-m e th y lp y rr o ly l)-
pho sphonium iod id e  and trip h en yl(l-m e thy lp yrro l-2 -y l)m e thy Ipho sphonium io d id e
have been determined and compared vdth the corresponding data fo r  2 -fu ry 1 -
and 2-thienylphosphonium s a l t s .  The fin d in g s are d iscu ssed  in  terms o f  the
s t a b i l i t i e s  o f  the forming carbanions in  the rate-determ ining step  o f  the
rea ctio n , and a lso  w ith regard to the e lec tr o n ic  e f fe c t  o f the su b stitu en t on
the p o s it io n  o f the e q u ilib r ia  which precede the rate-determ ining s te p ,
31 ‘Studies o f the J P n .m .r . spectra o f  the s a l t s  have been made, and th e r e s u lt s  
are d iscussed  in  r e la t io n  to the apparent e le c tr o n ic  e f f e c t s  o f  the h e tero a ry l 
su b stitu en ts  on the adjacent phosphonium cen tre .
The e f f e c t  o f  the 2 -(1-m eth ylp yrroly l) su b stitu en t a t  phosphorus on th e  
course o f  the W ittig  rea ctio n  in  pro t i c  so lven ts has been in v e s t ig a te d . The 
rea ctio n  o f  m eth y ltr i-2 -(l-m e  thy lp yrroly l)p ho sphonium iod id e  and methy1 -2 -  
(1-methylpyrrolyl)diphenylphosphonium io d id e  vdth benzaldehyde in  a lc o h o lic -
a lk o x id e  media proceed w ith  lo s s  o f  1-m e th y lp y rro le  and th e  fo rm atio n  of
d i - 2 - ( l  -m ethy lpyrro  lyl)-{5 - s ty ry lp h o sp h in e  oxide and d ip h en y l-^ - sty ry lp h o  sph ine
oxide re s p e c t iv e ly ,  in d ic a t in g  th a t  th e se  re a c t io n s  in v o lv e  vinyIphosphonium
in te rm e d ia te s . In  c o n tr a s t ,  the  r e a c t io n s  o f 'the co rrespond ing  2 -fu ry 1-
phosphonium s a l t s  proceed v ia  c o lla p se  o f  th e  c y c lic  oxaphosphetan and y ie ld
norm al W ittig  p ro d u c ts . S ince lo s s  o f  th e  1-m e th y lp y rro ly l s u b s t i tu e n t  from
th e  in te rm e d ia te  v in y  Ipho sphonium s a l t  ta k e s  p lace  ra ,th e r than  m ig ra tio n  from
phosphorus to  c<-carbon, a  s t e r i c  e f f e c t  by the  1-m ethy l group i s  su sp ec ted .
This i s  supported  by r e s u l t s  o b ta in ed  f o r  r e la te d  t - b u ty l  and o - to  l y l  system s.
D ie th y l and D iphenyl e s te r s  o f 2 -fu ry 1 - , 2 - th ie n y l- ,  2 -(1 -m e th y lp y r ro ly l) -
and phenylphospbonic a c id s  have been sy n th es ised  and a study  o f th e  k in e t i c s
o f  a lk a l in e  h y d ro ly s is  lias been made. The r e s u l t s  a re  d iscu sse d  in  r e l a t i o n
to  the  e le c tro n ic  e f f e c t  o f th e  h e te ro a ry l s u b s ti tu e n t  on th e  approach  o f  th e
n u c leo p h ile  and a lso  on the  d e p a r tu re  o f  th e  le av in g  group in  th e  r e a c t io n .
The r e s u l t s  f o r  th e  h y d ro ly s is  o f th e  co rrespond ing  c a rb o x y lic  a c id  e s t e r s  a re
31in tro d u ced  in to  th e  d is c u ss io n  to g e th e r  w ith  in f r a re d  and P n .m .r ,
sp ec tro sco p ic  d a ta  f o r  th e  phosphonate e s t e r s .
In  view o f  the  p o s s i b i l i t y  o f a  pjsj -  d^ in te r a c t io n  betw een th e  p^ o r b i t a l s
o f th e  h e te ro c y c lic  r in g  and the  d o r b i t a l s  o f phosphorus in  th e  above compounds,
th e  d ie th y l  e s te r s  o f 2 -fu ry lm e th y l- , 2 - th e n y l- ,  and b enzy Ipho sphonic a c id s
have been p rep ared  and th e  r a t e  d a ta  f o r  th e  a lk a l in e  h y d ro ly s is  r e a c t io n s
o b ta in e d , s in ce  in  the  h e te ro a ry h n e th y l d e r iv a t iv e s  th e  e le c tro n -w ith d ra w in g
CT-inductive e f f e c t  ex e rted  by the  h e te ro a ry l  group i s  more e a s i ly  re c o g n ise d .
The d ie th y l  e s te r s  o f 2 - , and 4~pyi‘idyhm ethylphosphonlc a c id s  to g e th e r
w ith  d ie thy lch lo rom ethy lphosphonate  and d ie th y ln e th y lp h o sp h o n a te  have a.lso
been p repared ; th e  k in e t ic s  o f a lk a l in e  h y d ro ly s is  have been s tu d ie d , and a
31comparison o f th e se  r e s u l t s  and P n .m .r .  d a ta  v d th  those  o b ta in e d  f o r  th e  
2 -fu ry lm e th y l, 2 -th en y l and benzyl system s i s  made.
The e f f e c ts  o f cr~ inductive  e lec tro n -v d th d raw al and TT-mesomeric e le c t r o n -
donation  on the  r a t e s  o f a lk a l in e  h y d ro ly s is  o f a s e r ie s  o f d ie th y l  s u b s t i tu te d  
phenylphosphonate e s t e r s  i s  f u r th e r  in v e s t ig a te d  in  th e  form o f a  s t ru c tu ro -  
r e a c t iv i t y  (Hammett) c o r r e la t io n .  A l in e a r  c o r r e la t io n  has been o b ta in e d  f o r  
a  p lo t  o f  lo g  (k /k Q) v e rsu s  th e  Hammett s u b s t i tu e n t  c o n s ta n t (<j) g iv in g  a  
c o r r e la t io n  c o e f f ic ie n t  o f 0*99 and a  r e a c t io n  c o n sta n t ( p )  o f 1*88. The 
r e s u l t  confirm s th e  involvem ent o f  p ^  -  d^ in te r a c t io n s  in  th e  t r a n s i t i o n  of 
th e  a lk a l in e  h y d ro ly s is  r e a c t io n .
F in a l ly ,  d i- (2 - fu ry l)p h o s p h in ic  a c id , d i- (2 ~ th ie n y l)p h o sp h in ic  a c id  and
(2 ~ fu ry l)p h en y lp h o sp h in ic  a c id  have been o b ta in ed  from th e  a lk a l in e  h y d ro ly s is
o f  h e te ro ary lp h o sp h in e  o x id e s . E th y ld i- (2 - fu ry l)p h o s p h in a te , e th y ld i—
(2 -th ie n y l)p h o sp h in a te  and e thy ld iphenylpho sp h in a te  have been p repared  and th e
k in e t ic s  o f  a lk a l in e  h y d ro ly s is  s tu d ie d . The k in e t ic  r e s u l t s ,  to g e th e r  w ith  
31P n .m .r . d a ta  a re  d iscu ssed  in  r e l a t io n  to  th e  p o s s ib le  d is tu rb a n c e  o f 
co n ju g a tio n  between th e  T v-electrons o f  th e  arom atic  systems and th e  p h o sp h in y l 
bond when two a r y l  groups a re  a tta c h e d  to  phosphorus.
The anomalous chem istry  o f  2 -(1 -m e th y lp y rro ly l)  d e r iv a t iv e s  in  com parison 
w ith  th e  2 - fu ry l  and 2 - th ie n y l analogues i s  in d ic a te d  th roughout t h i s  s tudy  
and i t  i s  suggested  th a t  th e se  r e s u l t s  support c u rre n t th e o r ie s  re g a rd in g  th e  
d i r e c t io n  o f th e  d ip o le  moment in  th e se  system s.
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INTRODUCTION
By v ir tu e  o f  th e ir  chemical r e a c t iv ity  fu ran , thiophen and pyrrole are
appropriately  grouped as “e lec tr o n -r ich  arom atics." This c la s s i f i c a t io n
im p lies a pronounced a b i l i t y  to  s t a b i l i s e  an e le c tr o n -d e fic ie n t  tr a n s it io n
s ta te  or in term ediate, as in  e le c tr o p h ilic  aromatic su b stitu tio n  and s id e -
-}chain carbonium ion  r ea c tio n s . A recen t paper has summarised much o f  the
a v a ila b le  data on the r e la t iv e  r e a c t iv i t ie s  o f  these system s in  e le c tr o p h il ic
su b s titu tio n , the observed order o f  r e a c t iv ity  being p yrro le  furan]>
thiophen benzene. I t  has been suggested, hov/ever, th at the ease o f
e le c tr o p h ilic  su b stitu tio n  o f th ese  compounds i s  not o f  n e c e s s ity  an in d ic a tio n
o f an increased  ground-state e lec tro n  d en sity  a t the r in g  carbon atom s, s in ce
the r e a c t iv ity  data r e fe r s  to both the reactan ts and tr a n s it io n  s t a t e s .  Much .
o f the r e a c t iv ity  lias thus been a ttr ib u ted  to the low lo c a lis a t io n  en erg ies
2o f  th ese system s, and a lso  as suggested by Dewar to the fa c t  that the Wheland 
interm ediate in  the e le c tr o p h ilic  su b stitu tio n  reaction  has the same number o f  
covalent bonds as the s ta r tin g  m olecules.
+ FZA /E
t ' t ' XX/\ H
+•E
( n )
The most w idely accepted mechanism fo r  e le c tr o p h ilic  su b s titu tio n  in v o lv es  
2 3a change from sp to sp h yb rid isation  o f the carbon under a tta ck , with the
form ation o f  an interm ediate (the Wheland orCT-complex ( i )  ) .  P r ior  to and
perhaps a lso  a f te r  the form ation of the Q-complex, aTT-complex ( i l )  (w ith  the
aromatic r in g  behaving as an electron-donor) can form, although i t  has not
been proved th at the form ation o f the TT-complex i s  a necessary step  in  the  
3rea ctio n  path .
The a b il i ty  o f the h e te r o cy c lic  r in g  systems o f furan , thiophen and 
pyrrole to d irec t e lec tro n  d e n s ity  to an e le c tr o n -d e f ic ie n t  s i t e  i s  i l lu s t r a t e d  
by the ready h yd ro lysis  o f  th e ir  halogenomethyl d er iv a tiv e s  ( i . e .  analogues o f  
benzyl h a lid e s ) , and th e ir  m igratory behaviour in  the p in aco l-p in aco lon e  
rearrangement. In the former rea ctio n  the s t a b i l i t y  o f  the interm ediate  
carbonium ion  ( i l l )  can be understood in  terms o f  PA—pa overlap between the
4A-system of the ring and the vacant p-orbital of the carbonium ion centre.
(in)
A consequence o f the resonance s ta b il i s a t io n  o f  the carbonium ion  i s  the  
formation o f  a mixture o f  2 -fu r y la c e to n itr ile  (V) and 2-cyano-5-m ethylfuran  
(V i) in  the reaction  o f  fu rfu ry lch lo r id e  (IV) and cyanide io n , fo r  which the  
fo llow in g  mechanism has been suggested^ (Scheme A).
£ -
•O'
(IV)
CH
CN
v
NC O '
(VI)
C H
Scheme A
+ • o
(V )
CH CN 2
JKegelman e t .a l  have studied the course o f  the p in aco l-p in aco lon e  
rearrangement o f the mixed pinacoIs 1 ,2 -d i- (2 - th ie n y l) -1 , 2-d ip h en yleth an e-1 ,2 -  
d io l  (VII) and 1 ,2 -d i-(2 - fu r y l)-1 ,2 -d ip h e n y le  th a n e -1 ,2 -d io l (Y IIl) both o f  
which proceed with ex c lu siv e  m igration o f the h eterocyc le  to  give th e ketones
(IX) and (X) r e sp e c t iv e ly .
O -
CH 16 5•c
CH 
|6  5
■C —
d)H OH
o
QH
(VII)
CH 16 5
C6H 5- C -IIo
■ O
(V III)
C H c, 16 5
C6H 5- ■cIIo
( n ) (x)
The p r e fe re n tia l m igration o f the 2 -fu ry  1 or 2 -th ie n y l group thus 
in d ic a te s  the a b i l i t y  o f the 11 f t -e x c e ss iv e ” h e tero cy c le sb to s t a b i l i s e  the 
n o n -c la ss ic a l carbonium interm ediate (X l) in  the rea c tio n  to a g rea ter  exten t  
than the phenyl group, h i con trast th e  rearrangements o f  mixed p in a co ls
*7bearing 2 - , and 3-py^idyl su b stitu en ts (X Il) proceeds w ith p r e fe r e n tia l  
m igration o f phenyl, since the "TV-deficient" p yrid y l group i s  l e s s  able to  
s t a b i l i s e  the interm ediate than phenyl.
:c c
CH
(XII)(XI)
R ecently a number o f  workers have examined the c a p a b il it ie s  o f h etero a ry l  
groups to  promote rea c tio n s  in v o lv in g  e le c tr o n -d e fic ie n t  tr a n s it io n  s ta te s  by 
studying the ra te s  o f  s o lv o ly s is  o f a v a r ie ty  o f  d er iv a tiv e s  o f thiophen and 
furan, lloyce e t  a l  stud ied  the solvo ly s i s  o f 1- ( 2- fu iy l)e th y l-p -n itr o b e n 2oate  
(X IIl) in  80% ethanol. The rea ctio n  proceeds v ia  a carbonium io n  interm ediate  
(Scheme B) to g ive  1 -(2 ~ fu ry l)e th a n o l (16%) (XIV) and i t s  e th y l ether (84%)
(XV) at a ra te  which was estim ated to be some 10^ times fa s t e r  than fo r
9 10ph en ylethyl-p -n itrob en zoate. Further work by-lloyce et a l  has revea led  th at
th e  s o lv o ly s is  o f 2 -fu ry le th y l-p -n itro b e n z o a .te  p roceeds a t  a  r a t e  some f iv e  
tim es f a s t e r  than  fo r  the  2 - th ie n y l  analogue.
o p n b
C H C H
(X III)
80% CoHf-0H5
45° •o
+  —
C H C H  +  O P N B3
O P N B  = p -n itro b e n z o a te
O H
0 - CHCH3
( 16%)
(XIV)
+
O C2H5
O
(84%)
(XV)
C H C H  +  H O P N B
Scheme B
In  c o n tra s t  an ex ten sio n  o f th e  study to  th e  s o lv o ly s is  o f a r y le th y l  
11to s y la te s  has rev ea led  th a t  the  so lv o ly s is  o f 2 ~ (2 ~ fu ry l)e th y l to s y la te  
(XVI) shows a modest in c re a se  in  th e  r a te  compared w ith  2 -p h e n y le th y l to s y la te  
(XV'Il), w hereas 2 - ( 2 - th ie n y l) e th y l  to s y la te  ( XVIII) shows a, somewhat g r e a te r  
r a t e  a c c e le ra t io n . S ep ara tio n  o f th e  observed r a t e  c o n s ta n ts  in to  d i r e c t  
s u b s t i tu t io n  co n sta n ts  (k  ) and a co n stan t f o r  a p a r t i c ip a t in g  rearrangem ent 
mechanism (k^) in  which th e  s u b s t i tu e n t  c o n tr ib u te s  to  an unsym m etrically  
bridged  t r a n s i t io n  s ta t e  (XIX) rev ea led  t h a t  both  the  2 - th ie n y l-  and 2-fU ry1- 
to s y la te s  show a g re a te r  p ro p o rtio n  o f p a r t i c ip a t in g  rearrangem ent th an  does
2 -p h en y le th y l to s y la te .
On / C H C  H O T s  O ' 2 2
(XVI)
X / ) C H C H O T s
(XVII)
oc 3 > C H C H O T s  o  2 2
(XVIII)
The r a te  o f s o lv o ly s is  v ia  the p a r tic ip a tin g  rearrangement pathway (k^) i s
greater fo r  2 -th ie n y l than fo r  the 2 -fu r y l system, however, the r a t io  o f
p a r tic ip a tin g  rearrangement to d ire c t su b stitu tio n  s o lv o ly s is  ( f t )  i s  higher
fo r  the 2 -fu ry l system, a s itu a t io n  more in  accord w ith the g en era lly  greater
11s u s c e p t ib il i ty  o f  furan to e le c tr o p h ilic  atta-ck. Noyce suggested th at some
explanation of the apparent d ev ia tion  o f th ese  r e s u lt s  from the behaviour
expected on the b a s is  o f  normal e le c tr o p h ilic  r e a c t iv i t ie s  i s  p o ss ib ly  obtained
from the fa c t  th at in  the tr a n s it io n  s ta te  (XIX) fo r  the rea c tio n , an
appreciable proportion o f carbonium ion  p rop erties  are m aintained, and the
s t a b i l i s in g  in flu e n ce s  o f the aromatic m oiety are not f u l ly  developed*
From a study o f the s o lv o ly s is  of a number o f su b stitu ted  t-cu m ylch lor id es, 
12Brown e t a l  obtained su b stitu en t ( a ) constants which had proved q u ite  
su ccessfu l in  co rre la tin g  ra te  and equilibrium  constants fo r  a wide v a r ie ty  o f  
rea ctio n s in v o lv in g  e lec tr o n -d e fic ien t tr a n s it io n  s ta te s  or in term ed iates.
In order to obtain  a sim ilar  se t  o f  (<j~) constants fo r  a number o f  
" electron -rich  aromatics" other than su b stitu ted  benzenes, and to examine
13th e ir  a p p lic a b ility  to  a v a ila b le  data in  the published l i t e r a tu r e ,  K i l l  e t a l  
studied the s o lv o ly s is  o f a s e r ie s  o f 1 -a r y le th y l a c e ta te s  (XX; X = 0,S,II-CH^) •
(XX) (XXI)
E arlier  stu d ies  ' o f  the s o lv o ly s is  o f  1 -ferro cen y le th y l aceta te  had 
demonstrated that the reaction  occurs v ia  a carbonium ion  interm ediate (XXI), 
foimed as a r e s u lt  o f  alley 1-oxygen f i s s io n  rather than a lte r n a tiv e  mechanisms 
o f acy 1-oxygen f i s s io n  or d ir e c t  displacem ent s o lv o ly s is .  Evidence fo r  the  
mechanism was obtained from azide trapping experim ents.
The r a te s  o f  s o lv o ly s is  o f the a ry le th y l a ce ta tes  were found to decrea.se
in  the order 2 -( 1-m e t h y lp y r r o ly l ) 2 - f u r y  1^> 2 - thienyl-^> phenylethyl a c e ta te ,
10 5 A -1-the r e la t iv e  r a te s  being 6 x 1 0  : 2 x 1 0  : 5 x 1 0 '  : 1,  and o' con stan ts o f
- 1 *0 6 , -0*94 and. -0*84 r e sp e c tiv e ly , were derived fo r  the h eteroary l su b stitu e n ts .
Attempts to co rre la te  the s o lv o ly s is  derived (o') constants w ith  k in e t ic  data
obtained fo r  other sim ila r  “e le c tr o n -d e f ic ie n t” rea c tio n s, received  a lim ited
degree o f success when viewed on a broad sca le  o f aromatic r e a c t iv i t y .
S ig n ific a n t d ev ia tio n s from o  co rre la tio n s  were, however, apparent in  rea c tio n s
where minor e f f e c t s  may obscure the broad trend o f  aromatic e le c tr o n -r e le a se .
In p a r ticu la r , the so lven t i s  important in  determ ining the exact r e la t iv e
r e a c t iv i t ie s  in  a given rea ctio n .
The su b stitu en t (c/") va lu es derived from the above rea c tio n s  were, however,
1 5in  reasonable agreement w ith those obtained by Taylor from th e ga,s-phase 
p y r o ly s is  o f h eteroary leth y l a ce ta tes  '(XX; X =0, S); a rea ctio n  tak in g  p lace in  
the absence o f so lv e n t. The r a te s  o f  the reaction  were found to decrea.se in  
the order 2-furyl)>  2 - thienyl^>phenyl, and su b stitu en t (cr) va lu es o f  -0*89 fo r  
the 2 -fu r y l su b stitu en t, and -0*79 fo r  the 2 -th ien y l su b stitu en t were derived . 
Since the p y ro ly s is  reaction  o f  1-a r y le th y l a ceta tes  proceeds v ia  a p a r t ia l  
carbonium ion on a carbon atom adjacent to the aromatic r in g , in creased  s ta b i l ­
is a t io n  o f  the e le c tr o n -d e fic ie n t  centre due to conjugative e le c tr o n -r e le a se
by the h eterocycle  i s  important in  the determ ination o f  the order o f  r e a c t iv i t y .
16Thus the observation th at 1-p h enyleth yl aceta te  (XXIl) undergoes p y r o ly s is  
more qu ick ly  than 2 - ,  4 -p y^ id y leth y l a ce ta tes  (XXIIl) appears as fu rth er
evidence o f the major d ifferen ce  in  the e le c tr o n ic  character o f  the 5-> ana
6-membered h e tero cy c le s . oIIC H — O — C— CH.3
(XXII) (XXIII)
(XXIV)
As an extension  to  a d e ta iled  study o f  su b stitu en t e f f e c t s  on the
in te n s ity  o f  the GsN in frared  s tre tch in g  v ib ra tio n  o f a s e r ie s  o f  benzo-
17n i t r i l e s ,  Deady e t a l  in v e stig a ted  the 2~, and 3-cyanoderivatives o f  furan, 
thiophen and pyrrole (XXIV; X = 0,S,NH). A s e r ie s  o f  su b stitu en t '(cr") constants  
were obtained from th is  study and compared w ith <j constants obtained from
e le c tr o p h ilic  su b stitu tio n  and the above p y r o ly s is  r ea c tio n s . I t  was shown 
th at in  each case the h eterocycle  a c ts  as an electron-donor. For the 2 - ,  and
3-p yrroly l groups the e f f e c t  i s  very strong in  accordance w ith  the ease o f  
e le c tr o p h ilic  su b stitu tio n  in  p yrro le . E lectron-donation by the 2 - ,  and
3 -th ien y l su b stitu en ts  i s ,  however, greater than fo r  the corresponding fu r y l  
sy sten s, a rev ersa l o f  th e ir  ease o f  e le c tr o p h ilic  su b stitu tio n . The 
su b stitu en t ( o 0  v a lu es  o f -0*44 and - 0*15 fo r  the 2 -p y rro ly l, 2 -th ie n y l
and 2 -fu ry l groups r e sp e c tiv e ly  were found to be much sm aller than th ose  
derived from previous data in  accord w ith the reduced e lec tro n  demand. I t  
was thus suggested th a t resonance electron-donation  by the fu r y l and th ie n y l  
su b stitu en ts  depends on the p a r ticu la r  rea c tio n , and th at donation by a fu r y l  
group w i l l  be le s s  than fo r  th ien y l, in  r ea c tio n s  in  which the conju gative  
e lec tr o n -re le a se  by the h e tero cy c lic  su b stitu en t i s  s n a il .
In add ition  to th e ir  a b i l i t y  to  fu n ction  as "electron-rich"  sp e c ie s ,  
fu r y l ,  and th ien y l groups are capable o f  a c tin g  as electron-w ithdraw ing  
su b stitu en ts , due to the e f f e c t  o f the e lec tro n eg a tiv e  heteroatom withdrawing
e lec tro n s by an in d u ctive  mechanism. Thus although n u c leo p h ilic  su b stitu tio n
18o f a proton in  p y rro le , furan and thiophen i s  unknown, Manly e t  a l  observed
the ra te  o f  n u c leo p h ilic  displacem ent o f halogen in  halofurans to  be some ten
times fa s te r  than fo r  the corresponding phenyl compounds. For su b stitu ted
h e te ro cy c lic  halogen compounds the e f fe c t  i s  increased , and displacem ent o f
18halogen in  5rc^ or°-2 -fu r o y l-p ip e r id id e  (XXV) by p ip er id in e  i s  500 tim es
fa s te r  than fo r  the corresponding phenyl analogue, w h ils t  in  su b stitu tio n s
19 20activa ted  by n itro  groups ’ the r e la t iv e  r a te s  of piperidino-debrom ination
2are 1-brom o-4-nitrobenzene,1; 2-brom o-5-nit rothiophen, 4*7 x10 ; 2-bromo-5- 
n itrofu ran , 8*9 x 10^.
The s l ig h t ly  increased  r e a c t iv ity  o f the unsubstitu ted  halofurans compared to
the u n su bstitu ted  halobenzene was a ttr ib u ted  to the in crease  in  p o s it iv e
character o f  the carbon bearing the halogen, due to the in d u ctive  e f f e c t  o f
the heteroatom. The o v era ll e f f e c t  i s  small because o f the opposed ft-moment
of the h etero cy c le . In the su b stitu ted  compounds, however, the r e la t iv e
r e a c t iv ity  i s  in creased , s in ce  the carboxypiperidide and n itro  groups reduce
the e f f e c t  o f  the ft-e lec tro n  tran sfer  end the <j - in d u c tiv e  e f f e c t s  o f  the
heteroatom become more im portant.
Further evidence th at the 2 -fu r y l and 2 -th ie n y l su b stitu en ts  are more
electron-withdrawing than phenyl in  th e ir  in d u ctiv e  e f fe c t  i s  obtained from
ca rb o y  l i e  acid  pK data , and the r e la t iv e  r a te s  o f a lk a lin e  h y d ro ly s is  o f  a
the corresponding carboxyethyl e s t e r s .  The pK  ^ data presented in  Table I  
rev ea ls  th at w hile the pyrrolecarboxylie  a c id s  are weaker, thiophen and 
furancarboxylie ac id s are stronger than un substitu ted  benzoic a c id .
o
(XXV)
Table I
-OIo n is a t ion  Con s ta n ts  o f the  G arboxylie Acids in  W ater, a t  25
Acid Ref
Benzoic a c id 4*21 21
2-F u ro ic  a c id 5*16 22
3~Furoic a c id 3*95 23
2-T hiophencarboxylic  a c id 3*53 22
5-Thiophencarboxy l i e  a c id 4*10 24
2 -P y rro le c a rb o x y lic  acid 4 .4 5 22
5 -P y rro leca rb o x y lic  a c id 5*07 25
1 3IU ll  e t  a l  suggested  th a t  th e  v a lues in  Table I  lead  to  Hammett o  v a lu es  
f o r  the 2- f u r y l  and 2- th ie n y l  groups o f +1 *02 and +0*65 r e s p e c t iv e ly ,
o  o
O -x 2  C — O C 2H 5 'C "“ 0 C 2H S
( x m )  O  (xk v ii)
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(XXYIIl)
The k in e t ic s  o f a lk a l in e  h y d ro ly s is  o f th e  co rrespond ing  ca rb o x y e th y l
e s te r s  (XXVI; X=0,S) and (XXVIl) have been s tu d ie d  by a number o f w o rk e rs ,
2Oae and Price '" re p o rte d  th e  r a te s  o f r e a c t io n  in  r]Q% d ioxan  to  d ec rea se  in  
th e  o rd e r e th y l  2- fu ro a te ^ >  e th y l 2- th e n o a te ^ >  e th y l b enzoate , th e  r e l a t i v e
r a te s  be in g  4*65 : 1 *03 : 1 , In  c o n t r a s t ,  f o r  th e  r e a c t io n  in  85?o e th a n o l ,
27 - vImoto e t  a l  ’ showed th e  r e l a t iv e  o rd e r  o f r e a c t i v i t y  to  be e th y l  2- f u r o a t e 5>
e th y l  benzoate^>  e th y l  2-thenoa .te , th e  r e l a t i v e  r a t e s  b e in g  4*35 • 1*08 : 1 ,
A pplication o f the Hammett equation to th is  data gave su b stitu en t (cr) va lu es
o f 0*24 and -0*01 fo r  the 2 -fu r y l and 2 -th ie n y l groups r e sp e c t iv e ly ,
28Subsequent attem pts by Imoto to  co rre la te  th ese  r e s u lt s  and the corresponding
data fo r  the 5~heteroarylcarboxylic acid e s te r s  (XXVIII;X = 0 ,S) w ith the
d is so c ia t io n  constants o f the a c id s , proved su ccessfu l fo r  the 3~c^ :)0xy lai'es
but not fo r  the 2 -carb oxy la tes. I t  was thus suggested th a t there may be a
s te r ic  e f f e c t  by the adjacent heteroatom on reaction s o f the carboxylate
group in  the 2 -p o s it io n .
The l ite r a tu r e  con ta in s c o n f l ic t in g  opin ions with regard to  the d ir e c t io n
2Q-31o f the d ip o le  moments o f furan, thiophen and pyrrole '  . I t  has been
gen era lly  accepted^ th a t the d ip o le  moments are d irected  from the heteroatom
towards the 0 (3 ) -  C(4) bond, the main argument in  favour o f th is  proposal
being based on the high  r e a c t iv ity  o f these compounds toward e le c tr o p h i l ic
29su b stitu tio n . I t  has been suggested very r ec e n tly  , however, on the b a s is  o f  
much o f the above data, together w ith r e s u lt s  o f c a lcu la tio n s  o f e lec tro n
7 q
d is tr ib u tio n  , th a t w h ils t  the d irec tio n  o f the d ip o le  in  pyrrole (XXIX) 
i s  from the heteroatom to the r in g , in  furan (XXX) and thiophen (XXXl) the  
d ip o le  i s  in  the opposite  d ir e c t io n .
o t  m
0*711) 0*52D
(XXX) (XXXI)
Evidence in  support o f  th is  suggestion  has been o b ta in ed ^  ^  from d ip o le  
moment s tu d ies  o f  a number o f su b stitu ted  thiophen and furan d e r iv a t iv e s , and 
from n .m .r. so lven t s h i f t  stu d ies by Barton^1 who in v e stig a te d  the  
o r ien ta tio n a l in flu en ce  o f the h e tero cy c le s  a s  so lu te s  on aromatic s o lv e n ts ,
Q tH
1*8D
(XXIX)
to  determine the d irec tio n  o f th e ir  r e sp e c tiv e  d ip o le s ,
OH
o
(XXXII)
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(XXXIV)
(XXXIII)
In view  o f  the a b i l i t y  of the heteroaryl systems to e ith e r  withdraw or
re lea se  e lec tro n s according to the type o f rea c tio n  considered , Marino 
42-45e t a l  devised a s e r ie s  of experiments in  which the in te r a c tio n  o f
su b stitu en t heteroaryl groups w ith the reaction  s i t e  in  tr a n s it io n  s ta te s  o f
d if fe r e n t types was in v e stig a te d ,.
The io n isa tio n  o f h eteroary l su b stitu ted  benzoic acid s ( XXXII, X =0,S ) was
chosen as the "standard" rea ction  in  which only weak resonance in te r a c tio n s
would be p o ss ib le  between the reaction  centre and the su b stitu en t, whereas the
io n isa t io n  o f  phenols (XXXIII; X=0,S) and the s o lv o ly s is  o f  1~phenyethyl
a c e ta tes  (XXXIV; X=0,S) were se lec ted  as rea ctio n s in  which the su b stitu en t
in te r a c ts  w ith a n egative and p o s it iv e  charge, r e sp e c t iv e ly . A s e r ie s  o f
/ — +\su b stitu en t constants (a>C7andCT ) were ca lcu la ted  from the r e s u l t s ,  and th e ir  
sign  and magnitude d iscu ssed  in  r e la t io n  to the e lec tr o n ic  p ro p erties  o f  the  
heterocycle  and i t s  e f f e c t  upon the resp ec tiv e  rea c tio n .
The io n isa tio n  constants o f  the benzoic a c id s ^ ’^  rev ea l th a t both the
2 -th ie n y l and 2 -fu r y l su b stitu en ts  in  the meta p o s it io n  o f  the benzene r in g , 
exert a weak in d u ctive  electron-withdraw ing e f f e c t .  This i s  r e f le c te d  by 
decreases in  the pK o f m eta-2-thienylbenzoic acid and m eta-2-furylbenzoiccl
acid  when compared to un su bstitu ted  benzoic acid; para-h eteroaryl su b stitu ted
benzoic acid s were found to  be le s s  a c id ic  than meta., and the va lu e  o  -  CJ^
was n egative fo r  both the 2 -fu ry l and 2 -th ie n y l su b stitu en ts , thus p o ss ib ly  
r e f le c t in g  the importance o f such resonance stru ctu res as (XXXV).
o h
The s t a b i l i t y  o f the phenate a n io n ^ * ^  in crea ses  on in trod u ction  o f  the
h eteroary l su b stitu en t in to  the benzene r in g , p o ss ib ly  due to  the a b i l i t y  o f
the su b stitu en t to  in crea se  d e lo c a lisa tio n  o f  the negative charge (Mechanism A).
Thus the e f f e c t  i s  g rea ter  fo r  para- su b stitu ted  phenols than fo r  m eta-, where
decreases in  pK r e la t iv e  to phenol s o le ly  r e f l e c t  electron-v ithd raw al by the  a
in d uctive  e f f e c t  o f the su b stitu e n ts . The grea ter  a c id ity  o f  p -(2 -fu ry l)p h en o l 
compared w ith p -(2 -th ien y l)p h en o l in d ic a te s  an in crease  in  the magnitude o f  
the resonance in tera c tio n  (Mechanism a) o f  the 2 -fu ry l su b stitu en t compared 
vdth the 2 -th ie n y l su b stitu en t.
Mechanism A
The a b i l i t y  o f  the 2 -fu r y l and 2 -th ie n y l groups to s t a b i l i s e  a p o s it iv e  charge 
was again i l lu s t r a t e d ^ * ^  by an in crease  in  the ra te  of s o lv o ly s is  o f  su ita b ly  
su b stitu ted  1-p henylethyl a.cetates (XXXIV; X = 0 ,S ) , The order o f r e la t iv e  
r e a c t iv ity  p -(2-fu ry l)phenyl^ >  p - ( 2 - thienyl)pheny 1^> phenyl^> m~( 2 - fu r y l) phenyl 
m -(2-th ien y l)p h en y l, in d ica te s  both resonance s ta b i l i s a t io n  o f the “e le c tr o n -  
d e fic ie n t  centre" by heteroaryl su b stitu en ts  in  the para- p o s it io n  and 
d e s ta b ilisa t io n  o f the centre by the in d u ctive  electron-w ithdraw al o f  the  
su b stitu en t in  the m eta- p o s it io n .
o IIc—CH3
(xxxvi)
45Marino extended the work to in v e s t ig a te  the e f f e c t  o f h eteroary l
su b stitu en ts  on the frequency o f the in frared  stretch in g  v ib ra tion  o f  the
carbonyl bond in  su b stitu ted  acetophenones (XXXVT; X = 0 ,S ) .  In keeping vdth
17the r e s u lt s  o f  Deady e t  a l  who observed the 2 - and ^-Zvocyl and 2 - and
3--thienyl groups to act as electron-donors to the in frared  probe o f  the cyano
group in  cyanoheteroaryl d e r iv a t iv e s , Marino found th a t 2 -fu ry l and 2 -th ie n y l  
groups in  the para- p o s itio n  in  (XXXVT; X = 0 ,S ) a c t as e lectron  donors and 
decrease the carbonyl s tre tch in g  frequency r e la t iv e  to the u n su b stitu ted  
acetophenone. In co n tra st, e lectron-w ithd raval by the h e te r o c y c lic  su b stitu e n ts  
in  the meta- p o s it io n  in  (XXXVT;X=0,S) r e s u lt s  in  s l ig h t  in crea ses  in  the 
frequency o f the carbonyl in frared  s tre tch in g  mode r e la t iv e  to  acetophenone.
The general conclusions reached from the above work were th erefore  th a t : -
( i )  the 2 -fu ry l and 2 -th ie n y l groups are in d u c tiv e ly  electron-w ithdraw ing and 
th is  i s  r e f le c te d  in  the p o s it iv e  sign  o f the c r  con stan ts,
( i i )  the e lec tr o n ic  e f f e c t  o f the su b stitu en t in  the meta- p o s it io n  i s
p r a c t ic a lly  constant and thus there are on ly  sm all d if fe r e n c e s  in  the va lu es
+ — o f a  , a  » a  *nr m ^ nr
( i i i )  the 2 -fu ry l and 2 -th ien y l groups ex h ib it strong resonance e f f e c t s  fo r  
both the r e le a se  and withdrawal o f e lec tr o n s , depending on the type o f  r e a c tio n .  
The a b i l i t y  to r e le a se  e lec tro n s , however, i s  greater than the a b i l i t y  to  
withdraw e lec tro n s ,
( iv )  the e lec tr o n ic  e f f e c t s  of the groups are variab le  in  cases where conjugation  
i s  p o ss ib le  and cannot be represented by a s in g le  su b stitu en t constant v a lid
fo r  a l l  c a se s .
(xxxvxi)
:Q a ■P = o
(XXXIX)
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(XXXVIII)
The in v e s t ig a tio n  o f  the e f f e c t  o f  h eteroaryl su b stitu en ts  on the 
chem istry o f  a second row element such as phosphorus has a lso  created  some 
in ter e st*  G r iffin  e t  a l ^  examined the u lt r a v io le t  absorption spectra  o f  
tr i-(2 -p y rro ly l)p h o sp h in e  oxide (XXXVII; R=H), t r i - 2 - ( l  -methylpyrro ly l )  -  
phosphine oxide (XXXVII; R==CH )^, tr i-(2 -th ien y l)p h o sp h in e  oxide (XXXVIIl) 
and tr i-(2 -fu ry l)p h o sp h in e  oxide (XXXIX) and observed bat ho chromic s h i f t s  
r e la t iv e  to the parent heteroarene o f 32 , 30,7  and 7yj&jX r e sp e c t iv e ly , in d ic a tin g  
the ex isten ce  o f  a p^— d^ conjugative in ter a c tio n  between the h e te r o c y c lic  
r in g s and the phosphacyl group which i s  much more appreciable than in  phenyl 
phosphacyl sy stem s^ . In the corresponding 2-form yl d er iv a tiv e s  o f  p y rro le , 
thiophen and furan, however, the bathochromic s h i f t s  are 78*5> 47*5 S'JmJX 
r e sp e c tiv e ly , c lea n ly  in d ic a tin g  the weaker nature o f  the phosphacyl group as  
an electron -acceptor  compared with the carbonyl group*
o oOCH
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48 1This work was extended to a n a ly s is  o f the H nuclear magnetic resonance
spectra  o f  the above heteroary Ipho sphine oxides (XXXVIl), (XXXVIIl) and (XXXIX),
and also  o f  the re la ted  e s te r s , d im ethyl-(2-furyl)phosphonate (XL) and 
dim ethyl-( 2 - thienyl)phosphonate ( X l l ) .  The d esh ie ld in g  o f  c er ta in  o f  the r in g  
protons in  th ese  compounds was in terp reted  as in d ica tin g  pa — dfi bonding 
between the r in g  and phosphorus, the e f f e c t  decreasing in  the order th iop h en ^  
furan^> pyrrole in  co n trast to the e a r lie r  u .v .  s tu d ies .
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49 90A llen et a l  9 have shown tha t the a lk a lin e  h yd ro lysis o f  the  
triheteroarylphosphonium  s a l t s  (XLII;R=CH^ or X =I or Br) and (XLIII;
R=GH^  or C^Hj-CH^X^I or Br) proceeds more rap id ly  than the h y d ro ly s is  o f  
analogous tripheny Ipho sphonium sa.lt s (XLIV; R^CH  ^ or CgH^-CH^X^I or B e). The 
increase in  ra te  was explained in  terms o f the electron-withdraw ing in d u ctiv e  
e f f e c t  o f  the heteroaryl groups which influenced  the p re-ra te  determ ining step  
e q u ilib r ia  involved in  the rea c tio n s , together w ith increased  s t a b i l i t y  o f  the 
forming 2 -th ie n y l and 2 -fu r y l carbanions in  the rate-determ ining s te p . The 
e f fe c t s  o f p a — dfi bonding between the r in g  systems and the phosphonium centre  
appeared to be o f  l i t t l e  consequence in  in flu en c in g  the r a te s  o f  r ea c tio n .
O +X>CH PPh Br
(xiv)
51This study has been extended to heteroary Imethyl tripheny Ipho sphonium s a l t s  
(XLV) and a lso  to a study o f the e f f e c t s  o f  2 -fu ry l su b stitu en ts  a t  phosphorus
52on th e fa te  o f phosphobetaines in  W ittig  rea c tio n s  in  p r o tic  so lv e n ts -^  •
This th e s is  d escr ib es an extension  o f th is  v/ork on heteroarylphosphorus
compounds to a study o f  the e f f e c t s  o f  2 -(l-m eth y lp yrro ly l) su b stitu en ts  on
the a lk a lin e  h yd ro lysis  o f  h etero a ry l- and heteroarylm ethyl- phosphonium s a l t s
and on the fa t e  o f  phosphobetaines in  a lc o h o lic  solution*
In ad d ition , a number o f heteroarylphosphonates, heteroarylm ethyl-
phosphonates and heteroarylphosphinates have been syntliesised  and the e f f e c t
o f  h eteroary l su b stitu en ts  on the r a te  o f  n u c le o p h ilic  a tta ck  ( s p e c i f ic a l ly
, OH) a t phosphorus has been stu d ied . Rate data fo r  the a lk a lin e  hydro l y s i s  o f
a s e r ie s  o f meta- and para- su b stitu ted  phenylphosphonates have been obtained
and a s tr u c tu r e -r e a c t iv ity  co rre la tio n  attempted in  order to gain  a c le a r e r
in d ica tio n  o f the operation  o f e le c tr o n ic  e f f e c t s  in  the r e a c tio n .
31In add ition  P nuclear magnetic resonance spectra  o f the above compounds
have been obtained and are d iscussed  in  r e la t io n  to current th e o r ie s  on the
51fa c to r s  in flu en c in g  P chem ical s h i f t s .
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CHAPTER ONE
The A lkaline H ydrolysis o f Phosohonium S a lt s .
1.1 Introdu ction .
The a lk a lin e  h yd rolysis o f  a quaternary phosphonium s a lt  to  g iv e  a
phosphine oxide and a hydrocarbon, i s  one o f  the b est known n u c leo p h ilic
displacem ent rea c tio n s  a t  phosphorus. The mechanism o f  the rea c tio n  has been
1 2  3ex ten s iv e ly  studied  9 and i s  thought to in volve  the steps ( i )  -  ( i v ) .
Y ‘ OH ( i )
R ^ O "  + H^ O ( i i )
R^P=0 + R~ ( i i i )
RH + 01T ( iv )
The extent to . which the carbanion i s  developed in  the tr a n s it io n  s ta te  
o f the rate-determ ining step ( i i i )  o f the phosphonium s a l t  h y d ro lysis  has 
recen tly  been in v estig a ted  by T rippett et al^ who observed a k in e t ic  iso to p e  
e f f e c t ,  kH/ld) o f ^ 1*2 in  the a lk a lin e  h y d ro ly sis  of phenyl- and cumyl- 
phosphonium s a lts  carried  out in' H^ O -  D^ O ( 1 : 1 ) .  The r e s u lt s  were in terp reted  
as in d ic a tin g  that in  the tr a n s it io n  s ta te  ( i ) ,  l i t t l e  cleavage o f  th e  
phosphorus-carbon bond occurs, and there i s  correspondingly l i t t l e  tra n sfe r  o f  
a proton to the forming carbanion.
j - o Z -
III
M " 6  ( i )
As required by the above mechanism, in v e s t ig a tio n s  of the k in e t ic s  o f  the  
rea ctio n  have esta b lish ed  th at a th ird -order ra te  law i s  fo llo w ed , w ith  a 
f ir s t -o r d e r  dependence on- the concentration o f phosphonium c a tio n  and a second- 
order dependence on the concentration o f  hydroxide io n . Furthermore, the  
overa.il ra te  constant, f ° r  the h yd ro lysis  o f  a phosphonium s a l t ,
R P+ + 0H~
R4P*OH + OPT ~ - Pld -
R.P'O*’ —4 ks
iC + IkO --------*+ *2 f a s t
although governed, by th e slow step  ( i i i ) ,  i s  com posite, and can be expressed
as the product o f the equilibrium  constants o f  step s ( i )  and ( i i ) ,  Kj and
r e sp e c t iv e ly , and the ra te  constant o f step ( i i i ) ,  k •s
The in v ersio n  o f  configu ration  a t  phosphorus observed in  the a lk a lin e
h yd rolysis  o f a c y c lic  phosphonium s a l t s  i s  u su a lly  in terp reted  in  tern s o f  a
pentacovalent interm ediate in  which the geometry i s  probably th a t o f  a tr ig o n a l
bipyramid, having the en terin g  and lea v in g  groups co lin ear  and d ia p ic a l.
From the accurate ra te  and product r a t io  data recorded fo r  the a lk a lin e
1 2h yd ro lysis o f a s e r ie s  o f  mixed phosphonium s a l t s ,  McEwen e t  a l  9 e sta b lish ed  
tha t the r e la t iv e  ease o f  departure o f the group R in  th e rate-determ ining
step  ( i i i )  p a r a lle ls  i t s  s t a b i l i t y  as a carbanion. Thus a benzyl group departs
1 1 1  2 2more r ea d ily  than a methyl , e th y l , phenyl , p-methoxybenzyl or m ethylbenzyl
2 2 2 group and l e s s  rap id ly  than a m-bromobenzyl , p -ch lorobenzyl or n itro b en zy l
group. In addition  to the carbanionic s t a b i l i t y  o f  the lea v in g  group, the
r e la t iv e  ease o f  departure o f a given group i s  in fluenced  by the nature o f  the
non-departing groups. Thus the presence o f electron-w ithdraw ing su b stitu e n ts
a t phosphorus a cce lera tes  the r e a c tio n , whereas electron-donating  su b stitu e n ts
tend to retard the re a c tio n . This e f f e c t  has been a ttr ib u ted  to the
a v a ila b i l i ty  o f the d o r b ita ls  o f  phosphorus fo r  bonding chiring the form ation
5o f  the pentacovalent interm ediate; thus Craig e t  a l  have shown th a t 
su b stitu en ts  having a (+ l)  e f fe c t  make the d o r b ita ls  o f  phosphorus more 
d iffu se  and th erefore le s s  su ita b le  fo r  bonding. The op p o site  s itu a t io n  holds  
fo r  an electron-withdraw ing (-1 ) su b stitu en t. Thus the presence o f (+ l)  
su b stitu en ts a t phosphorus w i l l  lead to a decrease in  Kj and the pre­
equilibrium  con stan ts, whereas a ( - 1 ) su b stitu en t w i l l  cause an in crea se  in  
Kj and K^.
(IX) ( I I I )
(IV) (V)
U n ti l  r e c e n t ly ,  s t e r i c  e f f e c t s  on th e  r a t e  o f  a l k a l in e  h y d ro ly s is  o f  
phosphoniurn s a l t s  have been h e ld  to  be u n im p o r ta n t. Aksnes e t  a l^  s tu d ie d  th e  
k in e t i c s  o f  a lk a l in e  h y d ro ly s is  o f  a  number o f  phenylphosphonium  s a l t s  ( i l ) - ( V )  , 
and from  th e  r e s u l t s  c a lc u la te d  th e  e n e rg ie s  o f  a c t i v a t io n  and th e  f re q u e n c y  
f a c t o r  ( lo g  A) f o r  th e  r e a c t io n s .  The d a ta  r e v e a le d  t h a t  th e  fre q u e n c y  f a c t o r  
wan rem ark ab ly  h ig h  and en ab led  th e  h y d ro ly s is  to  p roceed  a t  m easu rab le  r a t e s  
in  s p i t e  o f  u n fa v o u ra b le  a c t i v a t io n  e n e rg ie s .  D if fe re n c e s  betw een th e  
fre q u e n c y  f a c t o r s  f o r  th e  h y d ro ly s is  o f  th e  d i f f e r e n t  s a l t s  w ere s m a l l ,  showing 
s t e r i c  h in d ra n c e  to  p la y  a  m inor r o l e .  F u r th e r  c a l c u la t io n s  on i n t e r i o n i c  
d is ta n c e  betw een th e  phosphonium c a t io n  and h y d ro x y l io n  d u r in g  th e  r e a c t io n  
re v e a le d  t h a t  t h i s  d is ta n c e  rem ained  th e  same, in d ep en d en t o f  th e  s u b s t i t u e n t s  
lin k e d  to  p h o sp h o ru s,
7KcEwen e t  a l  o b ta in e d  ev id en ce  in  su p p o rt o f  t h i s  th e o ry ,  from  a  s tu d y  o f  
th e  r a t e s  o f  a lk a l in e  h y d ro ly s is  o f  a  s e r i e s  o f  o r th o -  and p a ra - to ly lp h o sp h o n iu m  
s a l t s .  The g e n e ra l c o n c lu s io n s  o f  th e  s tu d y  w ere th a t  th e  2*2 -  2*6 f o ld  
d i f f e r e n c e ,  between th e  r a t e s  o f  r e a c t io n  o f  th e  p a r a - s u b s t i t u te d  v e r s u s  th e  
o r th o - s u b s t i t u te d  phosphonium s a l t s  in  each  o f  th e  r e l a t e d  p a i r s ,  c a n n o t be
explained adequately in  terms o f  s te r ic  e f f e c t s ,  and th a t the r e s u lt s  in d ica te  
the e lec tr o n ic  e f f e c t  o f  the su b stitu en ts  to predominate. McEwen suggested  
tha t the absence o f  a major s t e r ic  in flu en ce  on the ra te  o f  the rea ctio n  can 
be a ttr ib u ted  to a ca n ce lla tio n  o f e f f e c t s .  In the f i r s t  step  o f  the r ea c tio n , 
addition  o f  hydroxide ion  to the s a l t  (V i) takes p lace to form an interm ediate  
(VII) in  which the geometry i s  probably tr igonal-b ip yram idal. Owing to  the  
greater r e l i e f  o f  |3 - s t r a in ,  s t e r ic a l ly  crowded tetrah ed ra l compounds w i l l  
form the interm ediate more r a p id ly . The rate-determ ining step o f  the re a c tio n , 
step  ( i i i ) ,  however, in v o lv es  the co lla p se  o f the interm ediate back to the  
more crowded tetrah ed ral phosphine oxide (Y II l) . Thus as a r e s u lt  of the 
s te r ic  in ter a c tio n  caused by th is  change, whatever ra te  enhancement i s  gained  
from the p r e -e q u ilib r ia , s tep s ( i )  and ( i i ) ,  fo r  the s t e r ic a l ly  crowded 
system s, i s  lo s t  in  the rate-determ ining step ( i i i )©
o f a lk a lin e  h yd ro lysis  o f  s t e r ic a l ly  crowded phosphonium s a lt s  i s  g r e a t ly  
reduced, and may take p lace w ith p o ss ib le  expulsion o f  groups o th er  than th ose  
which are most sta b le  as the carbanion. Thus di-t-butylm ethylphenylphosphonium
R R
R
V K2
O RR
R. + 2
(V III)QT rippett e t  a l  , however, obtained evidence th a t in  extreme c a se s  the r a te
io d id e  (IX ) i s  ex trem ely  r e s i s t e a l t  to  a l k a l in e  h y d r o ly s is ,  w h ile  b e n z y ld i-  
t-b u ty lp h en y lp h o sp h o n iu m  hrom ide (x) i s  o n ly  s l i g h t l y  l e s s  r e s i s t a n t ,  y i e ld in g  
b e n z y l- t~ b u ty lp h e n y lp h o sp h in e  and is o b u te n e  a s  th e  m ajo r p ro d u c ts  r e s u l t i n g  
from  Hoffmann e l im in a t io n ,  fu r th e rm o re , b e n z y l - t - b u ty  1 -o t-naph th y Ip h en y l- 
phosphonium brom ide (X I) u n d erg o es  h y d ro ly s is  to  g iv e  o n ly  4 %■> o f  th e  e x p ec ted  
t-b u ty l-c^ -n ap h th y lp h e n y lp h o  sp h in e  o x id e  form ed by e x p u ls io n  o f  th e  b en zy l group, 
P hosphine o x id e s  c o rre sp o n d in g  to  th e  lo s s  o f  th e  p h e n y l and c*-naph thy l 
c a rb a n io n s  a r e  a ls o  p ro d u ced . In  c o n t r a s t ,  h y d ro ly s is  o f  b e n z y l - t - b u ty I n e th y 1- 
phenylphosphonium  io d id e  (X I l)  g iv e s  th e  exp ec ted  p ro d u c t ( i . e .  w ith  lo s s  o f  
b e n z y l)  w ith  p redom inan t r e t e n t io n  o f  c o n f ig u ra t io n  a t  phosphorus*
Br
f' "'I +
~ c (c h 3\  
k* ***
I O c h 2- t - - c (ch 3) 3
s J
(IX ) (X)
I
C(CH_)3 3
Br CH3
(x i i )
8T r ip p e t t  su g g e s te d  t h a t  th e  lo s s  o f  a  g roup o th e r  th a n  th a t  w hich  i s  th e  m ost 
s t a b l e  a s  th e  a n io n , may be due to  s t e r i c  h in d ra n c e  p re v e n t in g  i n i t i a l  a t t a c k  
by h y d ro x id e  io n  a t  a  p o s i t i o n  which i s  c o l in e a r  and o p p o s ite  th e  group w hich  
fo rm s th e  m ost s ta b le  c a rb a n io n . A l te r n a t iv e ly ,  s t e r i c  crow ding  o f  th e  
p e n ta c o v a le n t  in te rm e d ia te  may p re v e n t th e  exp ec ted  le a v in g  group  from  
a t t a i n i n g  th e  c o r r e c t  co n fo rm a tio n  f o r  maximum s t a b i l i s a t i o n  o f  th e  d e p a r t in g  
a n io n . The prob lem  i s  f u r t h e r  c o m p lica ted  by th e  p o s s i b i l i t y  o f  p s e u d o ro ta t io n
o f the in term ediate , s in ce  i t  has not y e t been estab lish ed  whether the 
h yd ro lysis  o f  a c y c lic  phosphonium s a l t s  having lea v in g  groups poorer than 
benzyl are stereo  s p e c if ic .  Thus i f  the interm ediate has time to pseudorotate, 
i t  i s  p o ss ib le  th a t a ttack  by hydroxide ion  a t  any p o in t of a phosphonium s a l t  
could lead to lo s s  o f any o f  the groups attached to  phosphorus.
The e f f e c t  o f  s ta b il i s a t io n  o f  the phosphonium ca tion  by overlap o f  dft 
o r b ita ls  o f  phosphorus w ith e le c tr o n -r ic h  ft-o rb ita ls  o f  a su b stitu e n t, on the  
rate  o f  a lk a lin e  h yd ro lysis  o f  phosphonium s a l t s  has been stu d ied . HcEwen
the s a l t  (X IIl) causes a s ig n if ic a n t  decrease in  the ra te  o f a lk a lin e  h yd ro lysis
when compared with the corresponding phenyl su b stitu ted  compounds. A strong
in ter a c tio n  between the non-bonding e lec tro n s o f the ferro cen y l group and the
3d o r b ita ls  o f the phosphorus was th erefore suggested . The in te r a c tio n  serves
to decrease the p o s it iv e  charge on the phosphorus and hence reduces the
s u s c e p t ib il i ty  towards n u c leo p h ilic  a tta ck . The s t a b i l i t y  o f  the ferro cen y l
10carbonium ion  (XIV) i s  s im ila r ly  explained by the overlap o f e ith e r  f i l l e d  
iron 3& o r b ita ls  or cyclopentadienyl pft o r b ita ls  w ith the vacant p o r b ita l  on 
the carbonium ion  carbon.
Fe Fe
(X III) (XIV)
9e t a l  observed th a t the presence o f  a ferro cen y l group bonded to  phosphorus in
3
(XV) ! (XVI)
3
(XVII)
(XVIII) (XIX)
The p o s s i b i l i t y  o f  a  s im i la r  s t a b i l i s a t i o n  o f  h e te ro a ry lp h o sp h o n iu m  s a l t s
by o v e r la p  betw een th e  r i n g  /^ -system  and th e  ph o sp h o ru s 3d o r b i t a l s
11 12h a s  been in v e s t ig a te d  by A lle n  e t  a l  ’ who s tu d ie d  th e  c o u rse  and r a t e s  o f
h y d ro ly s is  o f  a. s e r i e s  o f  h e te ro a ry lp h o sp h o n iu m  s a l t s  i n  w hich  th e  h e te r o c y c l i c
r in g  i s  d i r e c t l y  a t ta c h e d  to  p h o sp h o ru s. I t  was shown t h a t  t r i - ( 2 - f u r y l ) -
me thy lpho  sphonium io d id e  (XV; R =0IU , X = l)  u n d erg o es  a lk a l in e  h y d r o ly s is  w ith
lo s s  o f  f u r a n  to  g iv e  d i- (2 - fu ry l)m e th y lp h o s p h in e  o x id e  ( X V III; H-OK^) some 
1110 t i n e s  f a s t e r  th a n  th e  analogous h y d ro ly s is  o f  m e th y ltr ip h e n y lp h o  sphonium
io d id e  (X V II; R -CEL, X = i )  .  F u rth erm o re  th e  2-fu ry lp h o sp h o n iu m  s a l t  u n d e rg o e s  
2 3h y d ro ly s is  some 10 -  10 tim es  f a s t e r  th an  th e  c o rre sp o n d in g  2 - th i e n y l -  
phosphonium s a l t  (XVI; R =CH7,X ~ l )  , w hich  s im i la r l y  y ie ld s  th io p h e n  and th e  
o x id e  (X IX ;R “ CK7) .  A s im i la r  o rd e r  o f  r e l a t i v e  r e a c t i v i t y  was n o te d  i n  th e  
h y d ro ly s is  o f  th e  c o rre sp o n d in g  b e n z y l t r i - ( 2 - f u r y l ) ~  and b e n z y l t r i - ( 2 ~ th i e n y l ) — 
phosphonium s a l t s  (XV, XVI; ,X = B r, r e s p e c t iv e ly )  w hich  a g a in  p ro cee d
w ith  e x c lu s iv e  lo s s  o f  f u r a n  o r  th io p h e n  to  g iv e  th e  o x id e s  ( X V III, XIX;
R= , r e s p e c t i v e l y ) .
The g r e a t e r  r a t e  o f  h y d ro ly s is  o f  th e  h e te ro a ry lp h o sp h o n iu m  s a l t s  com pared 
w ith  th e  pheny l an a lo g u es  h as  been a t t r i b u t e d  to  th e  g r e a t e r  e l e c t r o n -  
w ithd raw ing  in d u c t iv e  e f f e c t  o f  th e  h e te r o a r y l  s u b s t i t u e n t s ,  v/hich le a d  to  
in c r e a s e s  in  th e  e q u i lib r iu m  c o n s ta n ts  and K f o r  th e  p r e - e q u i l i b r i a  
in v o lv e d  i n  th e  h y d ro ly s is  r e a c t io n s .  In  a d d i t io n ,  th e  s t a b i l i t y  o f  th e  
fo rm ing  h e te r o a r y l  ca rb a n io n  in  th e  t r a n s i t i o n  s t a t e  o f  th e  r a te - d e te r m in in g  
s te p  i s  g r e a te r  th a n  f o r  th e  ph en y l a n a lo g u e s . I t  v/as concluded  t h a t  th e  
e f f e c t  o f  p ^ — d^  bonding  betw een th e  a - e le c t r o n  system  o f  each  h e t e r o c y c l i c
rin g  and the phosphorus o r b ita ls  appears to be o f l i t t l e  consequence in  
in flu en c in g  the ra te  o f  the rea c tio n .
The r e la t iv e  r a te s  o f  h yd ro lysis  o f the 2 -fu r y l and 2 -th ie n y l compounds
su b stitu en t has been shorn to be more electron-withdraw ing than 2 -th ie n y l due 
to the grea ter  e le c tr o n e g a tiv ity  o f  the oxygen atom, and hence the pre­
e q u ilib r ia , s tep s ( i )  and ( i i ) ,  w i l l  l i e  fu rth er  to the r ig h t  fo r  the fu r y l-
12phosphonium s a l t s  than fo r  the corresponding th ien y l compounds • Simple 
ind uctive arguments would a lso  suggest tha t the 2 -fu ry l carbanion w i l l  be more 
sta b le  than the 2 -th ie n y l carbanion. This approach, however, n e g le c ts  the  
p o s s ib i l i t y  o f  involvem ent o f the sulphur 3d o r b ita ls  in  s t a b i l i s in g  the  
forming 2 -th ie n y l carbanion.
In order to in v e s tig a te  the r e la t iv e  s t a b i l i t i e s  o f  the tr a n s it io n  s ta te s
studied the h y d ro lysis  o f  2 -fury ld iph en yl( 2 -th ien3>l) phosphonium bromide (XX),
I t  was considered tha t the r e la t iv e  proportions o f  furan and thiophen lib e r a te d  
on h yd rolysis  o f  th is  s a lt  would r e f le c t  the r e la t iv e  s t a b i l i t i e s  o f  the form ing  
carbanions, s in ce  the course o f the rea c tio n  i s  determined by carbanion 
form ation, and e lec tr o n ic  e f f e c t s  o f the su b stitu en ts  in  the p r e -e q u ilib r ia  
would not be expected to in flu en ce  the o v e r a ll course. The r e s u lt s  revealed  
th a t the a„bove s a l t  (XX) undergoes h y d ro ly sis  w ith expulsion o f both furan and 
thiophen in  a 1 : 3 r a t io ,  in d ica tin g  th a t p r e fe r e n tia l cleavage o f  the  
phosphorus— (2 -th ie n y l)  bond takes p la ce  due to the grea.ter s t a b i l i s a t io n  
(presumably by sulphur 3& o r b ita ls )  o f  the forming 2 -th ie n y l carbanion in  the
we re a lso  d iscussed  w ith regard to the ro le  o f  the heteroatom. The 2 -fu r y l
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lead in g  to the formation o f  the 2 -fu ry l and 2 -th ie n y l carbanions, A llen e t  a l
tr a n s it io n  s ta te .  The grea ter  x'ate o f h yd ro lysis  o f  the furylphosphonium s a l t s  
compared with th i enylpho sphonium s a lt s  must th erefore  he due to the in d u ctive  
e f f e c t  o f the 2 -fu r y l su b stitu en ts  on the magnitude o f the pre-equiliTxcium. 
constants ICj and K^.
The extent to which the h eteroaryl carbanions develop in  the tr a n s it io n  
s ta te  was a lso  in v e s t ig a te d , and a k in e t ic  iso to p e  e f f e c t  j kH/^==1*2, fo r  the  
form ation o f both furan and thiophen was observed in  the a lk a lin e  h y d ro ly sis  
o f the s a l t  (XX) in  H^ O -  ( 1 : 1 ) ,  I t  was th erefore concluded th a t although
the 2 -h eteroaryl carbanions would seem to  be more s ta b le  than both the phenyl, 
benzyl and presumably curayl carbanions, the ex ten t o f  carbanion form ation in  
the tr a n s it io n  s ta te  fo r  the h yd ro lysis  o f heteroarylphosphonium s a l t s  would 
appear to be the same as fo r  the formation o f  le s s  s ta b le  carbanions.
In order to extend the study to the in flu en ce  o f h e te r o cy c lic  su b stitu e n ts
k in e t ic s  o f a lk a lin e  h yd ro lysis  o f  a s e r ie s  o f  heteroarylm eth yltriph en yl- 
phosphonium bromides (XXl) — (XXIV), which y ie ld  triphenylpho sphine oxide and 
the resp ec tiv e  methyl su bstitu ted  h e te ro cy c lic  compound. The r e la t iv e  
r e a c t iv i t ie s  o f  the s a l t s  were found to decrease, w ith referen ce  to b en zy l, in
triphenylphosphonium bromide. These r e s u lt s  were a lso  d iscu ssed  in  terms o f  
the electron-withdraw ing nature o f  the heteroarylm ethyl su b stitu e n t, and the
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on the s t a b i l i t y  o f an adjacent carbanionic carbon, Allen e t  a l ^  stud ied  the
the order 2-furylm ethyl-^> 2-thenyl-^> benzyl-^> 3~thenyl-^> ^-furylmethyl- 
r e la t iv e  s t a b i l i t i e s  o f  the forming- heteroarylm ethyl carbanions. I t  was 
concluded th a t the observed ra te  d ifferen ce s  between the 2 -fu ry lm eth y l-, 
2 -th en y l-, and benzy lpho sphonium s a l t s  could s t i l l  be due to the r e la t iv e  .
o f  the p re- e q u il ib r ia . As fo r  the above 2 -fu r y l-  and 2 - th ien y  lpho sphonium
n ec essa r ily  in d ica te  the r e la t iv e  order o f  s t a b i l i t y  of the forming 2 - fu r y l-  
methyl, 2 -thenyl and benzyl carbanions.
With regard to  the 5“heteroarylm ethylpho sphonium s a l t s ,  although i t  i s  
reasonable to  assume tha t the p r e -e q u ilib r ia  w i l l  l i e  fu rth er to the r ig h t  on 
p assin g  from b en zy l-, to 3 -th e n y l- , to  ^furylm e thy Itripheny lphosphonium 
bromide, the s t a b i l i t y  o f  the tr a n s it io n  s ta te  lead in g  to the carbanions 
c le a r ly  predominates in  determ ining the r e la t iv e  ra te s  o f  r e a c tio n . From the 
rate  d ata , the tr a n s it io n  s ta te  lead in g  to the formation o f  the benzyl carbanion  
must be more s ta b le  than th a t fo r  the formation o f the 5-heteroarylm ethyl 
carbanions. Thus i t  would appear th a t the ex ten sive  d e lo c a lis a t io n  o f the' 
n egative  charge p o ss ib le  in  the benzyl carbanion overshadows the more r e s tr ic te d  
d e lo c a lisa t io n  p o ss ib le  fo r  the ^ heteroarylm ethyl carbanions and the in d u ctiv e  
s ta b il i s a t io n  by e lec tro n eg a tiv e  heteroatom s. In ad d ition , p o ss ib le  pfi -  dft 
p a r tic ip a tio n  by the o r b ita ls  o f  sulphur would appear to  in crea se  th e  
s t a b i l i t y  o f the forming ^-’khenyl carbanion compared w ith the forming 3 -fu r y l-  
methyl carbanion.
e le c tr o n e g a t iv it ie s  o f  the heteroatoms and the corresponding r e la t iv e  p o s it io n s
s a lt s  (XV) and (XVl) r e s p e c t iv e ly , however, the r e la t iv e  r a te  data does not
(XXVI)
(XXVII)
In order to  a scerta in  the r e la t iv e  s t a b i l i t i e s  o f the forming 2-furylm ethyl,
*]2 -th en y l and benzyl carbanions, A llen e t  a l  a lso  in v estig a ted  the products o f  
h y d ro lysis  o f  the phosphonium s a l t s  (XXV) — (XXVIl). H yd ro lysis'o f 2-fury1 -  
methyldiphenyl( 2 - thenyl)pho sphonium bromide (XXV) gave 2-m ethylfuran and 
2-methylthiophen in  a 1*3 ■: 1 mole r a t io , thus in d ic a tin g  the 2 - f  urylm ethyl 
carbanion to be m arginally more sta b le  than the 2 -th en y l carbanion. The 
in d u ctive  s ta b il i s a t io n  by the more e lec tron egative  oxygen atom thus outweighs 
any contribu tion  by the sulphur 3d o r b ita ls  in  s ta b i l i s in g  the forming  
2-heteroarylm ethyl carbanion. A lkaline h yd ro lysis  o f b en sy l( 2 - f  urylm ethyl)-  
diphenylpho sphonium bromide (XXVl) and ben zyl( 2-thenyl)diphenylphosphonium  
bromide (XXVIl) gave the heteroarylm ethyl compound and toluene in  the mole 
r a tio  o f 7 : 1 and 5 • 1 r e sp e c t iv e ly . Thus the e f f e c t  o f  the e lec tro n eg a tiv e  
hoteroatoms in  the 2-heteroarylm ethyl carbanions (togeth er  w ith the p o s s ib i l i t y  
o f 3d o r b ita l  p a r tic ip a tio n  in  the 2-th en yl case) com pletely outweigh the 
greater  p o s s ib i l i t i e s  o f mesomeric d e lo c a lisa t io n  in  the benzyl c a se . I t  was 
concluded th erefore th a t observed ra te  d iffe re n c e s  between the 2 -h etero a ry l-  
methy lpho sphonium s a l t s  and the benzyl analogue are due to both pre-eq u ilib riu m  
in d uctive  e f fe c t s  and the greater  s t a b i l i t y  o f  the forming carbanions.
1 02 The A lkaline H ydrolysis o f 2 -( l-M eth y lp y rro ly l)- and 2 -( 1 -K eth y ln y rro ly l-  
m ethyl)-oho sphonium S a lt s .
Because o f current in te r e s t  in  the su b stitu en t e f f e c t s  o f  h e te r o cy c lic  
r in g  system s, i t  was o f  in te r e s t  to  extend the above study to  in v e s t ig a te  the 
e f fe c t  o f  1 -m ethylpyrrolyl su b stitu en ts  a t  phosphorus and a t  carbon adjacent to  
phosphorus in  h e tero a ry l- , and heteroarylmethylphosphonium s a l t s .
In the f i r s t  in stan ce  the r e la t iv e  s t a b i l i t y  o f  the form ing 2 -( l-m e th y l-  
p y rro ly l) carbanion was in v estig a ted  by studying the course o f  h y d ro ly s is  o f  
m ethyl-2-(l-m ethylpyrrolyl)d iphenylpho sphonium io d id e  (XXVTIl) and b e n z y ltr i-  
2-(l-m ethylpyrroly l)pho sphonium bromide (XXIX) ^
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The a lk a lin e  h yd ro lysis  o f the s a l t  (XXVTIl) was found to take p la ce  w ith  
exclu sive  lo s s  o f 1-m ethylpyrrole to g iv e  methyldiphenylphosphine oxide (XXX); 
henzene was not detected  in  the h y d ro ly sis  m ixture. However, in  the a lk a lin e  
h yd ro lysis  o f the s a lt  (XXIX), cleavage o f  the h e te ro cy c lic  su b stitu en t occurs 
only to a minor extent; both toluene and 1-m ethylpyrrole are formed in  a 3 • 2 
molar r a t io .  Allowing fo r  s t a t i s t i c a l  e f f e c t s ,  i t  would appear th a t the  
r e la t iv e  s t a b i l i t i e s  o f  the forming benzyl and 2 -(1 -m eth ylpyrroly l) carbanions 
are o f  the order o f 4 • 1* The course o f  the la t t e r  rea ction  co n tra sts  w ith  
the h yd ro lysis  o f benzyltri-(2-furyl)phosphonium  bromide (XV; R , X -Br) 
and b e n z y ltr i- (2 -thienyl)phosphonium bromide (XVI; X=Br) which
proceed w ith exclu sive  lo s s  o f furan and thiophen r e sp e c tiv e ly  to g iv e  
triphenylphosphine ox id e . The above rea ctio n s thus in d ica te  th a t the forming 
2 -(1 -m ethylpyrrolyl) carbanion i s  more stab le  than the forming phenyl carbanion, 
but le s s  s ta b le  than the forming benzyl carbanion. The order o f  c leavage o f  the 
heteroaxyi su b stitu en ts  w ith referen ce to benzyl, i s  th erefore  2 -th ie n y l^ >  
2 -fu r y l benzyl^> 2-(1 -m ethylpyrrolyl)^>  phenyl.
In comparing the a b i l i t y  o f the h e te r o cy c lic  systems to s t a b i l i s e  the 
forming n egative charge in  the 2 -p o s it io n , i t  i s  n ecessary  to con sid er  both  
the G-, and ft -e le c tr o n  systems o f  each r in g . For each h e te r o cy c lic  carbanion 
the adjacent e lec tro n eg a tiv e  atom w il l  s t a b i l i s e  the forming n e g a tiv e  charge 
by a Q -in d u ctiv e  e f f e c t ,  and the observed d ifferen ces  in  carbanionic s t a b i l i t y
must have th e ir  o r ig in  in  the /^ -electron  system s. I t  has been suggested
1 s 16rec e n tly  9 th a t in  furan and thiophen the C 7-electronic in d u ctiv e  e f f e c t  o f  
the heteroatom outweighs the A -e lectro n  moment (which in crea ses  e lec tro n -  
d en sity  on the r in g  carbon atoms) and th a t the d ip o le  moment in  furan and 
thiophen i s  towards the heteroatom. In con trast in  pyrrole system s, the  
7V—moment predominates and the d ir e c tio n  o f  the d ip o le  moment i s  from th e  
heteroatom to the r in g . Indeed, i t  would appear th a t in  the forming 2 -fu r y l  
and 2 -th ie n y l carbanions the Q -in d u ctive  e f fe c t  predominates to s t a b i l i s e  the 
n egative  charge to a greater  extent than fo r  the resonance s ta b i l i s a t io n  o f  the  
forming b o iz y l carbanion. In co n tra st, in  the case o f the form ing 2 -(l-m eth y l­
p y rro ly l) carbanion, the A-moment o f  the h eterocyc le  d ir e c ts  e lec tro n  d e n s ity  
to the 2 -p o sit io n  thereby decreasing the s t a b i l i t y  o f  the form ing n egative  
change a t th a t p o s it io n . The fa c t  th a t the 2 -(l-m eth y lp y rro ly l) carbanion i s  
more stab le  than the phenyl carbanion, however, can only be due to the in d u ctiv e  
e f f e c t  o f the n itrogen  atom. The magnitude o f  the in d uctive  e f f e c t  in  the  
2~(1-m ethylpyrrolyl) system, however, must be l e s s  than fo r  2 -fu r y l and 
2 -th ie n y l, s in ce  the more extensive d e lo c a lisa t io n  o f the n eg a tiv e  charge 
p o ss ib le  in  the benzyl carbanion i s  s u f f ic ie n t  to s ta b il i s e  the la t t e r  r e la t iv e  
to the 2 -(1 -m eth ylpyrroly l) carbanion.
Chemical evidence to support the suggestion  o f the co n tra stin g  e le c tr o n ic  
character o f the 2 -(1 -m ethylpyrrolyl) su b stitu en t and the 2 -th ie n y l and 2 -fu r y l  
su b stitu en ts  i s  obtained from a number o f  sou rces. In the In trod u ction , i t  
was pointed out th a t w hile pyrro lecarboxylic  a c id s , l ik e  the alkoxy-and amino- 
su b stitu ted  benzoic a c id s , are weaker than the un su bstitu ted  benzoic a c id , 
thiophen-, and furancarboxylic a c id s , l ik e  the ch lo ro -, and bromobenzoic a c id s  
are stron ger. This evidence togeth er w ith d ip o le  moment data fo r  the saturated  
h e te r o cy c lic s  was used to d iscu ss  the p o s s ib i l i t y  th a t the d ir e c t io n  o f  the
d ip o le  moment In pyrrole i s  opp osite  to th a t o f  furan and thiophen.
Furthermore, in  rea c tio n s  where the h e te r o cy c lic  su b stitu en t i s  donating
e lec tr o n s , the enhanced r e a c t iv ity  o f  pyrrole i s  observed. P yrrole, furan and
thiophen are ch aracterised  by th e ir  ease o f e le c tr o p h i l ic  su b stitu tio n , and
17 18 11r e la t iv e  r a te s  o f  boromination compared w ith benzene are 3 x 10 s 6*1 x 10
5*1 x 10^ s 1 , r e s p e c t iv e ly . Isomer d is tr ib u tio n  and cx: p r a t io s  depend strongly  
on the e le c tr o p h i l ic  reagen t. I t  i s  o f in t e r e s t ,  however, th a t w hile furan i s  
su b stitu ted  e x c lu s iv e ly  in  th eo c -p o sit io n , in  pyrrole  the©c- and p -p o s it io n s  
are o f  s im ila r  r e a c t iv it y .  Thus although data fo r  comparison under s t r i c t l y  
equivalent experim ental cond ition s are not a v a ila b le , the e x is t in g  data seems 
to confirm th a t the order o f oi-d ir e c t in g  a b i l i t y  i s  furan thiophen^>
i 18pyrrole .
19In a receiit paper, Marino e t  a l  examined the e f f e c t  o f su b stitu en ts  in  
the r in g  on the ra te  o f  e le tr o p h f l ic  su b stitu tio n  o f  p yrro le, furan and 
thiophen, and observed th a t in  furan the ra te  o f su b stitu tio n  i s  g rea tly  
in flu en ced  by structural. changes, in d ic a tin g  that the tr a n s it io n  s ta te  fo r  the  
rea ctio n  resem bles the Wheland interm ediate ( CT-complex). In p y rro le , however, 
the s e n s it iv i ty  to su b stitu en ts  i s  le s s  than fo r  both furan and thiophen, 
favouring the hypothesis th a t the tr a n s it io n  s ta te  fo r  su b stitu tio n s  a t the  
pyrrole  r in g  w i l l  occur a t  a po in t along the reaction  coordinate fa r  removed 
from the Uheland interm ediate; i t  w i l l  th erefore have more 7 \-ch aracter.
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The k in e t ic s  o f a lk a lin e  h y d ro lysis  o f  m e th y ltr i-2 -(l-m e th y lp y rr o ly l) -  
phosphonium iodide (XXXl) and triphenyl(l-m ethylpyrrol-2-yl)m ethylphosphonium
iodide (XXXIl) in  50/o aqueous ethanol have been studied u sin g  a t itr im e tr ic  
procedure, K ethyltri-2-(l-m ethylpyrrolyl)phosphonium  io d id e  was found to  
undergo hyd ro lysis  w ith lo s s  o f  1-m ethylpyrrole to g ive  d i - 2 -(1 -m eth ylp yrro ly l) -  
methylphosphine oxide (XXXIIl); the course o f the reaction  i s  thus analogous 
to  the h yd ro lysis  o f  m ethyltripheny lpho sphonium iodide in  which a phenyl group 
i s  cleaved to g ive me thy ldiphenylpho sphine o x id e . The a lk a lin e  h y d ro ly sis  o f  
tr iph en yl (1 -me th y lp y rro l-2 -y l) me thy lpho sphonium iodide proceeds w ith lo s s  o f  
1, 2-dime th ylpyrrole to  g ive tripheny lpho sphine oxide and i s  thus analogous to 
the h yd ro lysis  o f  benzyltriphenylphosphonium bromide, which g iv e s  tripheny 1- 
phosphine oxide and to lu en e. The hydrolyses o f  both s a l t s  fo llo w  a th ird -ord er  
ra te  lav/, in  accordance w ith -the gen era lly  accepted mechanism fo r  the h y d ro lysis  
o f phosphonium s a l t s .
Table 1 ,1 .
Third-Order Rate Constants and A ctivation  Parameters fo r  the A lk alin e  
Hydrolysis o f Pho suhonium S a lts  in  Aoueous ethanol ( Q^/o v / v ) .
p o ■] -1S a lt Temperature ( C) kQ^ s ( l  mol” rain” ) E^/kJmol~
*h
R J P C E L  I ~2 5
R = 2 -(1 -m eth ylpyrroly l) 70 3*21
86*3
60 1*29
R = phenyl 60 0 *27* 131*2
R ~ 2 -th ien y l 60 8"3x107” 60*8
R =2~furyl 60 , J 0 1ca 10
* ca lcu la ted  from data in  referen ce  11 
5 ca lcu la ted  from data in  referen ce 12 
The k in e t ic  data (Table 1 .1 . )  rev e a ls  severa l fe a tu re s  o f  in t e r e s t .  
M eth y ltr i-2 -( 1 -methylpyrrolyl)phosphonium io d id e  i s  found to undergo a lk a lin e  
h yd ro lysis  ca 5 tim es more qu ick ly  than methyl tripheny lpho sphonium io d id e , th e  
in crease  in  rate being accompanied by a decrease in  energy o f  a c t iv a t io n  fo r  
the r ea c tio n . A comparison w ith the ra te  data fo r  the corresponding 2 -fu r y l-
and 2 -thienylphosphonium s a l t s  shows th a t the o v e ra ll ra te s  o f  h y d ro ly sis  fo r  
the ahove s e r ie s  o f phosphonium s a lt s  decrease in  the order 2 -fu ry  1^> 2 -th ie n y l^ >  
2 -( 1-m e th y lp y r r o ly l )p h e n y l ,  the r e la t iv e  r a te s  being o f the order o f  
1011 : 108 : 5 : 1 .
The rapid ra te  o f  h yd ro lysis  o f  the 2 - fu r y l-  and 2 - th ien y lpho sphonium
11 12s a lt s  compared w ith the phenyl analogue has been a ttr ib u ted  9 to  the greater  
electron-withdraw ing (in d u ctive  e f f e c t )  o f  the 2 -fu ry l and 2 -th ie n y l su b stitu en ts  
which serves to in crea se  ICj and fo r  the p re-ra te  determ ining step  e q u il ib r ia ,  
and a lso  to the g rea ter  s t a b i l i t y  o f the forming 2 -fu ry l and 2 -th ie n y l  
carbanions, A s im ilar  explanation fo r  the increased ra te  o f  h y d ro ly s is  o f  the  
tr i-2 -( l-m e th y lp y r r o ly l)  sa.lt compared w ith phenyl would, however, seem 
inappropriate.
The genera.1 chem istry o f  pyrrole would suggest tha t in  the ground s t a t e ,
the in d u ctive e f f e c t  o f  the 2 -(1 -m ethylpyrrolyl) su b stitu en t would in  f a c t  be
le s s  than fo r  phenyl. Thus in  the h y d ro lysis  r ea c tio n s  o f m eth yltrip h en yl-
pho sphonium iod id e  and m ethyltri-2-(l-m ethylpyrrolyl)phosphonium  iod id e  th e
p r e -e q u ilib r ia , step s ( i )  and ( i i ) ,  should l i e  fu rth er  to the r ig h t  fo r  the
trip h en yl s a l t  than fo r  the tr i-2 -( l-m e th y lp y r r o ly l)  analogue. Therefore,
s in ce  i t  has been shown th a t the forming 2 - (l-m eth y lp yrro ly l) carbanion in  the
tr a n s it io n  s ta te  i s  more sta b le  than the phenyl carbanion, t h is  fa c to r  a lone
must be dominant in  the determ ination o f  the r e la t iv e  ra tes  o f  h y d ro ly sis  o f
the r esp ec tiv e  s a l t s .  The d ifferen ce  in  a c tiv a tio n  energy fo r  the hyd rolyses
o f  tr i-2 - ( l-m e th y lp y r r o ly l) -  and tripheny lpho sphonium s a lt s  i s  la rg e  enough to
suggest th a t d iffe re n c e s  in  p re -e q u ilib r ia  w i l l  have a minimal e f f e c t  on the
r e la t iv e  ra te  o f  a lk a lin e  h yd rolysis  o f  tr ip h en y l- and tr i-2 - ( l-m e th y lp y r r o ly l) -
12phosphonium s a l t s .  Previous workers have shown tha t i t  i s  on ly  fo r  the  
tri-(2-furyl)phosphonium  s a lt s  th a t the p r e -e q u ilib r ia  may l i e  su b s ta n t ia lly  in  
favour o f the products. I t  i s  l ik e ly  th erefo re , th a t fo r  the above sa .lts  the  
p o s itio n  o f  the steps ( i )  and ( i i )  w i l l  l i e  predominantly to the l e f t .
The v a st in crease  in  r a te s  o f  h yd ro lysis  of  the 2-furyl-- and 2 -th ie n y l
11 3phosphonium s a lt s  r e la t iv e  to the phenyl analogue (10 : 10 ; 1) compared
with the in crease  in  ra te  o f the 2 -(1 -m eth ylpyrroly l) s a l t  (5 : 1') serves to
emphasize the composite nature o f the observed ra te  constant and the importance
of the in d u ctive e f f e c t  and p o s it io n  o f  the p r e -e q u ilib r ia  upon the r e la t iv e
r a te s  o f  h y d ro ly sis . Further evidence o f  the importance o f in d u ctive  e f f e c t s
o f su b stitu en ts  upon ra te s  o f a lk a lin e  h y d ro lysis  o f phosphonium s a l t s  has
20r ec e n tly  been d iscu ssed  by KcEwen e t a l  , who showed tha t the cyclop enta-
dienylpho sphonium s a l t  of tricarbonylmanganese (XXXIV) undergoes h y d ro lysis
fa s te r  than benzyl tripheny lpho sphonium bromide (XVII; X -B r) which
in  turn i s  hydrolysed fa s te r  than the ferroceny lpho sphonium s a lt  (XXXV). I t  was
suggested that the electron-withdraw ing e f f e c t  o f the carbonyl groups in  the
cymantryl group promoted a ttack  a t phosphorus, in  con trast w ith th e  " e lectro n -
rich" ferrocen y l group. The r e la t iv e  electron-w ithdraw ing nature o f  the above
organom etallic su b stitu en ts  was fu rther supported by a comparison o f  the pK- ^ ~ a
va lu es o f the carboxylic ac id  d e r iv a tiv e s .
^ - P ( P h ) C H  Ph Br 
Fe
CH Ph Br
,M n
COCO
(xxxrv) (xxxv)
The a lk a lin e  h y d ro lysis  o f tr ip h en yl (1-me thy lpyrnol-2~yl)m e thy lpho sphonium 
iod ide (XXXIl) in  aqueous ethanol (50% v /v ; 0*11*1 in  KC1 to m aintain a constant 
io n ic  stren gth) was observed to proceed more slow ly  than th a t o f  b en zy l-  
triphenylpho sphonium bromide, the r e la t iv e  r a te s  being 1 : 1*2 r e s p e c t iv e ly  
(Table 1 . 2 . ) ,  Thus the r a te s  o f  h yd rolysis  o f  2-heteroarylm ethyl tripheny 1 -  
phosphonium s a lt s  r e la t iv e  to the benzyl analogue decrease in  the order  
2-furylnethy 1^> 2 - t h e n y l^  benzyl^> 2 -(1 -m ethylpyrrolyl)m ethyl, the decrease
in  r a te s  being accompanied by a steady in crease  in  the en erg ies o f  a c t iv a t io n .
Table 1 .2 .
Third-Order Rate Constants and A ctivation  Parameters fo r  the A lkaline  
H ydrolysis o f  Heteroaxylmethyltrirhenylphosohonium S a lts  in  Aqueous Ethanol. 
(509b v /v : 0*1K in  KCl).
S a lt Temperature (°C) ^obs iii^/kJmol"+
PfcuPR X" 3
/_2 —2 . —1 \ (1  mol m in )
R = 2-(1-m eth ylpyrroly l) methyl; 50 16*6
X = I~ 80*6
40 6*0
R = benzyl; X = Br*" 40 1*2 76*2*c
R =s 2—thenyl; X = Br*" 40 .183*3 -ft70*3
R = 2 - f  urylm ethyl 5" X = Br"* 40 356*5
j/-*
64*3
data taken from reference 14
The increased ra te  o f  a lk a lin e  h yd ro lysis  o f the 2 - f  urylm ethyl- and 
2-thenylpho sphonium s a l t s ,  compared with the benzyl analogue, have been 
discussed  in  terms o f  the r e la t iv e  p o s it io n s  o f  the p r e -e q u ilib r ia  and r e la t iv e
A As t a b i l i t i e s  o f the forming carbanions .  The ra te  o f h y d ro lysis  o f  the
2 -(1 -m ethylpyrrolyl)m ethyl- s a l t  r e la t iv e  to the above s a l t s  may be d iscu ssed
s im ila r ly . Simple in d u ctive  e f f e c t s  based on pK data fo r  p y rro le-2 -ca r  bo j y l i ca
acid  and benzoic acid  would suggest the benzyl su b stitu en t to be more e le c tr o n -  
withdrawing than the 2-(1 -m ethylpyrrolyl)m ethyl su b stitu en t, and th erefo re  the 
p o s itio n  o f the p r e -e q u ilib r ia , s tep s  ( i )  and ( i i ) ,  would l i e  fu rth er  to the 
r ig h t fo r  the benzyl s a l t .  On the b a s is  o f  the a v a ila b le  data, however, i t  i s  
not p o ss ib le  to decide unambiguously on the r e la t iv e  s t a b i l i t i e s  o f  th e forming 
2-(l-m eth ylp yrro ly l)m eth yl and benzyl carbanions.
In the case o f the 2 - f  urylmethyl and 2-thenyl carbanions th e in d u ctiv e  
e f f e c t  o f the heteroatom togeth er w ith the lim ited  resonance d e lo c a lis a t io n  
a,bout the h etero cy c lic  r in g  contribute to s t a b i l i s e  the carbanion to  a g rea ter
extent than fo r  the benzyl anion where the ex ten t o f  p o ss ib le  d e lo c a lisa t io n  o f
the n egative  charge i s  grea ter . For the 2- ( 1-m eth ylpyrroly l) methyl carbanion,
however, the magnitude o f  the in d u ctive  e f f e c t  o f  the e lec tro n eg a tiv e  n itrogen
atom i s  d i f f i c u l t  to a s s e s s ,  s in ce  the ^-moment o f  the h e te r o cy c lic  r in g  (which
i s  in  th e opp osite  d ir e c t io n  to the in d u ctive e f f e c t )  appears to  predominate
and in creases e lectron  d en sity  a t the r in g  carbons. Ihrthermore the 77-moment
o f  the h eterocyc le  would be expected to oppose movement o f  the foim ing n egative
charge from the ex o cy c lic  carbon in to  the r in g , hence r e s t r ic t in g  any p o ss ib le
11-13resonance s t a b i l i s a t io n .  Previous workers have shown th a t the 2- f u r y l  and
2- th ie n y l carbanions are more s ta b le  than th e ir  resp ec tiv e  heteroarylm ethyl 
carbanions as a r e s u lt  o f  in d uctive e f f e c t s .  However, where in d u ctive  e f f e c t s  
are absent, the benzyl carbanion i s  more sta b le  than the phenyl analogue, and 
thus i t  i s  p o ss ib le  th a t the d e loca lisa /tion  o f  the negative charge in  the  
2- ( 1-m ethylpyrrolyl)m ethyl carbanion w i l l  in crea se  i t s  s t a b i l i t y  r e la t iv e  to  
the 2 -(1 -m ethylpyrrolyl) carbanion. Since the benzyl carbanion has been shorn 
(from the a lk a lin e  h yd ro lysis  o f  b e n z y ltr i-2-(l-m ethylpyrrolyl)phosphonium  
bromide) to be only fou r tim es more sta b le  than the 2- ( 1-meth7/lp y r r o ly l)  
carbanion, the r e la t iv e  s t a b i l i t i e s  o f  the benzyl and 2~ (1~m ethylpyrrolyl)m ethyl 
carbanions i s  open to q uestion . Indeed, i f  i t  i s  argued th a t since the  
ind uctive e f f e c t s  are sm all the rate-determ ining fa c to r  i s  the s t a b i l i t y  o f  the  
forming carbanions, the ra te  d ifferen c e  ( 1*2 : 1) fo r  the a lk a lin e  h y d ro ly s is  
o f the ben zyl- and 2- ( 1-me thy lpyrrolyl)m e thy lpho sphonium s a l t s  could be 
explained by the forming benzyl carbanion being s l ig h t ly  more s ta b le  than the  
2 -(1 -m ethylpyrrolyl) carbanion. In order to  r eso lv e  th is  p o in t, i t  would be 
o f in te r e s t  to study the course o f  the a lk a lin e  h yd ro lysis  o f benzyldiphenyl- 
(l-m ethylpyrrol-2-yl)m ethylphosphonium  iod id e  (XXXYl). Thus the r e la t iv e  
proportions o f  to luene and 1 , 2-d im ethylpyrrole lib era ted  on th e  a lk a lin e  
hyd ro lysis  o f  th is  s a l t ,  should r e f l e c t  the r e la t iv e  s t a b i l i t i e s  o f the forming 
carbanions.
Ph
I
(XXXYl)
evidence o f the electron-withdraw ing a b i l i t y  o f su b stitu en ts  attached to
phosphonic acid s have shown the chem ical s h i f t s  are a ffe c te d  by su b stitu en ts
on the phenyl r in g  in  a d irec tio n  opposite  to that expected from th e e lec tr o n -
withdrawing a b i l i t y  o f  the su b stitu en ts . Thus fo r  the phenylphosphonic a c id s ,
the more electron-withdrawing the su b stitu en t, the more sh ielded  i s  the
phosphorus. Vfhile such behaviour would appear to be anomalous in  comparison
1 19with the trends observed in  H and F n .m .r . sp ectra , i t  has been shown th at
23i t  fo llo w s  d ir e c t ly  from quantum mechanical theory .
12 14.Allen e t  a l  9 ‘ obtained evidence o f  the electron-w ithdraw ing nature o f
the 2 -fu r y l, 2 -th ie n y l, 2-furylm ethyl, 2 -th en y l, phenyl and benzyl groups from 
31 P n .m .r. spectra of phosphonium s a l t s .  I t  was shown th at fo r  h eteroary l­
phosphonium s a l t s ,  sh ie ld in g  o f the phosphorus i s  in  the order 2 -fu ry l^ >  
2-th ien y l^ >  phenyl and s im ila r ly  in  the heteroarylm ethyl s e r ie s  the order 
2-furylm ethyl^> 2 -thenyl^> benzyl i s  observed. *^P chemical s h i f t  data fo r  
2 -(l-m eth y lp y rro ly l)-  and 2-(l-m ethylpyrrolyl)m ethylphosphonium  s a lt s  are  
given  in  Table 1 .3 . .  Data fo r  2 - fu r y l- ,  2 -th ie n y l-  and pheny lpho sphonium s a l t s  
are a lso  given fo r  comparative purposes.
31phosphorus may be obtained from P n .m .r. chemical s h i f t  data. Recent 
21 22 31stu d ies 9 o f the P n .m .r. spectra of a s e r ie s  of su b stitu ted  phenyl-
Table 1..3.
31J P Chemical S h ift  Data fo r  H eteroaryl- and He teroarylmeth?,rlpho sphonium S a lt s ,
S a lt  S ^ P /p .p .m . ( r e l .  to  Solvent
+ 85# H PO )
R-,PCH-. r   ^ 4
R = 2 - (1 -M ethylpyrrolyl) +17*8 ^HCl^
+18*5 CF-,C0?H/  2
R = 2-Furyl . +15*4 CF COgH*
R = 2-T hienyl -  2*25 CF COgH*
R = Phenyl -18*8 C F O O ^
+
RJPCH0C,Hc Br“3 2 6 5
R = 2 -(1 -M ethylpyrrolyl) +14*6 CP7C0pHj  *-
R = 2-Fury1 +12*8 CF COgH
R = 2-Thienyl . 3. 9 ' CF^CO^
R = Phenyl -19*9 CF ^ COgH*
+ ^
Ph^ PRCH.. l “2 5
R = 2 -(l-M eth y lp yrro ly l) -  6*2 CF^ CC^ H
R = 2-Furyl -  7*7 CF'_C0oI?
R = 2-T hienyl -13*0 CF^C0oH5
+ 5 2
Ph2PR l “3
R = 2 - ( l- lvIethylpyrrolyl)m ethyl -17*8 CHGl^
-17*0 CF-.C0oH
+ 3 2
Ph-PR Br"*3
R = 2-Furylm e th y l —17*45 CF^ CO^ H7^
-IR = 2-Thenyl -18*25 CF^COglf
R = Benzyl -19*9 CF^ COgH
* Data fo r  compounds so marked i s  from referen ce 12 .
5 Data fo r  compounds so marked i s  "unpublished".^4
/  Data fo r  compounds so marked i s  from referen ce 14*
The r e s u lt s  in  Table 1.3* revea l a trend to a greater sh ie ld in g  o f  the
phosphorus on passing from phenyl, to  2 -th ie n y l, to 2 -fu ry l to  2 -( l-m eth y l-
p yrro ly l) su b stitu e n ts , thus in d ica tin g  the in crea sin g  electron-w ithdraw ing
character o f the h eteroary l r in g  in  th a t order, A sim ilar  trend i s  obtained  
31from the P chemical s h i f t  data fo r  diphenylheteroarylphosphines g iven  in  
Table 1 #4.»
Table 1 .4 .
31P Chemical S h ift  Data fo r  H eteroaryl- and Arylphosohines in  Chloroform, 
Compound S ^ p /p .p .m , ( r e l ,  to  85/£ H^PO )^
hp( c6h5) 2
R = 2-(1-M ethylpyrrolyl) +25*75^
R = 2-Furyl +23*88^
R = 2-Thienyl +17 . 6^
R = Phenyl + 4*7^
245 Data fo r  compounds so marked i s  “unpublished".
The apparent anomaly between the r a te s  o f a lk a lin e  h y d ro ly sis  o f
2 -(1 -m eth y lp yrro ly l)- and 2-(l-m ethylpyrrolyl)m ethylphosphonium  s a l t s  and the  
31 P chemical s h i f t  data i s  p o ss ib ly  explained by considering the fa c to r s  which
31 23a f fe c t  P chem ical s h i f t ,  Letcher and Van Wazer noted the chemiceJ. s h i f t
to be g rea tly  aiffected by what may be termed asymmetric loading i , e ,  a summation
o f ( i )  the t o t a l  occupation o f  the dft o r b ita ls  o f the phosphorus, ( i i )  the
unbalance o f the (j-bonds as determined by the d ifferen ce  in  e le c tr o n e g a t iv it ie s
o f  various su b stitu en ts  and ( i i i )  the dev iation s in  geom etrical symmetry,
31Prom the r e s u lt s  o f a d e ta iled  study o f  the P chemical s h i f t s  o f  a
25number o f  quaternary phosphonium s a lt s  togeth er w ith comparable data compiled
by Grim e t  a l , ^  Letcher and Van Wazer^ suggested th a t there was l i t t l e  or no
TT-character in  the P—C bond between a phenyl group and phosphorus, sin ce
l i t t l e  change in  A S i s  observed fo r  a g iven  group R, when Z i s  changed from
+
phenyl to n -buty l or eth y l in  compounds o f  the type RPZ^, I t  would appear
th erefore , th a t w h ils t the extent o f ft -bonding” and the concomitant e f f e c t  upon 
P chemical s h i f t  i s  uncerta in  when 2 - ( 1-m ethylpyrrolyl), 2 - fu r y l, and 
2 -th ie n y l su b stitu en ts  are d ir e c t ly  bonded to phosphorus, v a r ia tio n s  in  a S fo r
triphenylheteroarylmethylphosphonium s a l t s  are mainly a ttr ib u ta b le  to the 
d ifferen ce  in  the average amount o f  charge r e s id in g  in  the CT-orbitals o f  the  
R—P bond, without com plication from 7V -bonding* Thus the apparent e le c tr o ­
n e g a t iv i t ie s  o f  the heteroarylm ethyl su b stitu en ts  r e la t iv e  to  benzyl are in  the
This approach, however, n e g le c ts  the p o s s ib i l i t y  o f the involvem ent o f  
s te r ic  e f f e c t s .  The p o s s ib i l i t y  th a t the 1-methyl group in  the 1-m ethylpyrrolyl 
su b stitu en t could lead to a p o ss ib le  s te r ic  e f f e c t  due to d ev ia tio n s  in  
geom etrical symmetry, have been in v estig a ted  by the e f f e c t  o f  in trod u cing  an
and a fu rther p o s it iv e  s h i f t  (+6*75p*P*ni.) on p a ssin g  to d i-o -to ly lp h e n y l-  
phosphine. Such s h i f t s  in d ic a te  increased  sh ie ld in g  o f  the phosphorus n u c le i  
on su b stitu tio n  o f phenyl fo r  o - t o ly l .  Hov/ever, s in ce  o - t o ly l  i s  expected to  
be more e lectron-donating than phenyl i t  i s  not p o ss ib le  to  exp la in  the  
observed sh ie ld in g  in  terms o f  "withdrawal" o f  e le c tr o n s , furthermore the
order 2 - (1 -me thy Ipyrro l y l ) me thy 1^> 2-furylm ethyl^> 2-thenyl^> benzyl*
31ortho-m ethyl group in to  phenyl on the P chem ical s h i f t  o f  phenylphosphines.
The r e s u lt s  are given  in  Table 1*5*.
Table 1,5*
31P Chemical S h if t  Data fo r  Arylnhosphines in  Chloroform,
Compound S ^ P /p .p *m . ( r e l .  to 85^. H^PO )^
D iphenyl-o-tolylpho sphine
T ri-p -to ly lp h o  sphine
D i-o-tolylphenylpho sphine
'riphenylpho sphine
5 Data fo r  compounds so marked i s  "unpublished",
A study o f  the data in  Table 1.5* rev ea ls  a s h i f t  to higher f i e l d  on 
passing  from triphenylpho sphine to d ip henyl-o-to ly lp hosphin e
24
a d d it iv ity  o f the chemical s h i f t  in d ic a te s  the absence o f  -bonding. The
evidence th erefore suggests the e f f e c t  to  be s te r ic  in  nature* This th eo iy  i s
31supported by the com paratively small d iffe re n c e  in  P chemical s h i f t  on 
passing  from triphenylphosphine to tr i-p -to ly lp h o sp h in e  (a S =  +2 *05p.p*m.) in  
which s t e r ic  e f f e c t s  o f  the methyl group would be minimal, such th a t the  
e lec tr o n ic  e f f e c t  o f the methyl group need only  be considered .
Prom the above r e s u l t s ,  th erefo re , i t  i s  p o ss ib le  th a t th e seem ingly
■z-ianomalous P chemical s h i f t s  o f the above 2 -( 1 -m eth ylp yrroly l), and 2-(l~m eth yl-
pyrrolyl)m ethyl phosphorus compounds may be due to  a s te r ic  e f f e c t .  I t  should
be noted, however, th a t the 1-m ethyl group in  the 2 - (1-m ethylpyrrolyl) and
2-(l-m eth ylp yrro ly l)m eth yl su b stitu en ts  may not have the same e f f e c t  on the  
31P chemical s h i f t  as i s  obtained on passing from a phenyl su b stitu en t to  
31o - t o ly l .  The P chemical s h if t  data fo r  analogous phosphorus compounds 
contain ing 2 -p yrro ly l and 2-pyrrolylm ethyl su b stitu en ts  would th erefore  be o f  
in t e r e s t .
As an a lte r n a tiv e  to the above, i f  the 2 -( 1-m ethylpyrrolyl) su b stitu en t
31i s  more e lec tro n eg a tiv e  than the 2 -fu ry l su b stitu en t as in d ica ted  by the P 
chem ical s h i f t ,  the lack  o f  co rre la tio n  w ith the ra te  o f a lk a lin e  h y d ro ly sis  
may p o ss ib ly  be explained by the form ation o f  a h ig h ly  stab le  pentacovalent 
in term ediate in  the i n i t i a l  step o f  the r e a c tio n . Hence rapid n u c le o p h ilic  
attack  a t phosphorus could be fo llow ed  by slow departure o f  the 2 - (1-m ethyl­
p yrro ly l) carbanion. I f  th is  was the s itu a t io n , then i t  would enable observation
31o f the formation o f  the pentacovalent phosphorane by P n .m .r . techniques as
12used by A llen  e t a l  to  observe the formation o f  a comparable in term ediate in  
the equilibrium  between methoxide and m e th y ltr i-( 2-furyl)phosphonium io n s .
However, no evidence fo r  the form ation o f  such a pentacovalent in term ediate  
could be obtained fo r  the analogous reaction  between ethoxide ion  and m ethyl- 
tri-2-(l-m ethylpyrrolyl)phosphonium  iod ide in  dry ethanol.
F in a lly  in  th is  d iscu ssio n  o f the apparent e le c tr o n ic  e f f e c t s  o f
2-( 1-m ethylpyrrolyl) su b stitu en ts  a t phosphorus, i t  i s  o f in te r e s t  to consider
the r a te s  o f  q u a tem isa tio n  o f diphenylheteroarylphosphines w ith phenacyl
27bromide to form the corresponding phosphonium bromides, ( fa b le  1 * 6 . ) .
Table 1 , 6 ,
Second-Order Rate Constants fo r  the Q uatem isation o f A ryl- and
o ^Heteroaryldj-phenylphosuhines w ith Phenacyl Bromide in  Nitromethane a t  50
—1 —1Compound k ^ ( l  mol”  sec” ) R e la tiv e  Rate
RPPh2
R = 2-Puryl 0*0082 0*128
R = 2-Thienyl 0*0207 0*323*
R = 2 -(l-M eth y lp yrro ly l) 0*0286 0*447
■JfrR = Phenyl 0*0640 1*000
* Rate Data obtained from reference 27*
Since the reaction  in v o lv es  displacem ent of bromide ion by the n u c le o p h ilic
te r t ia r y  phosphine, the ra te  i s  dependent upon th e e le c tr o n -a v a ila b ili ty  a t
phosphorus. Thus the r e s u lt s  revealed in  Table 1 , 6 ,  are important sin ce  they
show th at the order o f  " electron egativ ity"  o f heteroaryl su b stitu e n ts  when
attached to phosphorus to  be 2-fury 1^> 2 -th ien y l)>  2 -(  1-m ethylpyrrolyl) and
31thereby support the suggestion  o f the r o le  o f  s t e r ic  e f fe c t s  on the P chem ical 
s h i f t  o f  phosphorus compounds contain ing 2 - (1-m ethylpyrrolyl) su b s titu e n ts .
The p o s s ib i l i t y  o f  s te r ic  hindrance in  the q u a tem isa tio n  r ea c tio n  i s  a lso
28o f in t e r e s t .  In a recen t study McEwen et a l  observed the r e la t iv e  r a te s  fo r  
the rea ctio n  between p -to ly ld ip h e n y l- , tr ip h e n y l- , and o-to ly ld ip henylphosp hin e  
w ith benzyl chloride to be 1*3 : 1 : 0*3 r e sp e c t iv e ly , in d ic a tin g  th a t the  
e f fe c t  o f s te r ic  hindrance i s  to g ive a 4-fold , decrease in  the r a te  o f  r ea c tio n . 
I t  i s  thus p o ss ib le  th a t but fo r  s te r ic  hindrance, the ra te  o f  q u a te m isa tio n  
o f d iphenyl-2-(1-m ethylpyrroly l) pho sphine w ith  phenacyl bromide would take  
pla.ce more quickly than that o f  triphenylpho sphine, A study o f  the r a te  o f
q u a tem isa tio n  o f d ip h en y l-(2-pyrrolyl)phosphine w ith phenacyl bromide would 
be o f  in te r e s t  in  th is  connection.
E>CPSRH‘IEHTAL
Compounds axe c o lo u r le ss  u n less  otherw ise described* Operations in v o lv in g
phosphines or organo lithium  reagents were conducted under n itro g en ,
______M elting p o in ts  were determined on a Kof l e r  h ot-sta g e  apparatus and are______
uncorrected,
1H Hue 1 ear magnetic resonance sp ectra  were determined a t  normal temperatures 
fo r  deuterochloroform or tr if lu o r o a c e t ic  acid  so lu tio n s  con ta in in g  tetram ethyl— 
s ila n e  as an in ter n a l standard, u sin g  a JE01 C-60 HL high r e so lu t io n  60 MHz 
instrum ent,
J P Nuclear magnetic resonance spectra were determined a t  normal temper­
atures fo r  chloroform or tr if lu o r o a c e t ic  acid  so lu tio n s  contain ing 85% 
phosphoric acid in  a sea led  c a p illa r y  tube as an in tern a l standard, u s in g  a 
JEOL C-60 HL high r eso lu tio n  24 KHz instrum ent.
Mass Spectra were recorded u sin g  an AEI KS-30 spectrometer#
G ,l ,c ,  analyses were carried out with a Pye s e r ie s  104 chromatograph 
equipped w ith a 5 ft  PEGA column and a flame io n isa t io n  d e te c to r .
M icroanalyses were carried  out by Dr, E, B, S trau ss, K icro a n a ly tica l 
Laboratory, 10 Carlton Road, Oxford,
Preparation o f  Phosphines and Phosphonium S a lt s .
2- (  1 -H ethylpyrrolyl)diphenylpho sphine -  n -B u ty l-lith iu m  ( 0*2 mol) in  hexane
7 pQ(200  crar) was added dropwise, w ith s t ir r in g  under n itro g en , to  1 -m ethylpyrrole
(27*0 g , ^>0*2 mol) in  ether ( 200 cm^) during 20 m inutes, T hejresu ltjn g_________
so lu tio n  was heated under r e f lu x  fo r  2 h , before co o lin g  in  i c e .  Diphenyl- 
phosphinous ch lor id e  ( 22*0 g , 0*1 mol) in  benzene (50  cm ) was then added 
s lo w ly . The mixture was then heated under r e flu x  fo r  1 h , cooled  in  i c e ,  and 
then hydrolysed by the a d d ition  o f ammonium ch loride so lu tio n  ( 10% w/v; 100 cm^) ,  
The organic la y er  was separated , dried (Na^SO^) and evaporated; the resid u e  
was d i s t i l l e d  to g ive  2- (  1 -me thylpyrrolyl)fliphenylpho sphine ( 10*5 g> 40%)»
^•P* 149° a t 0*15 mmHg. The pho sphine, on treatment w ith  methyl io d id e , gave 
m ethyl-2-(l-m ethylpyrrolyl)diphenylphosphonium  io d id e  (XXVTIl), m.p. 181—2°
(ex  KeOAc-EtOil) (Found: C, 53*15; H, 4*65* re l ui res  0 , 53*05;
H, 4*^5%) 5 X (GF^CO^H) 2*0 -  2*6 (10H, m), 2*62 -  2*82 (1H, m), 3*2 -  3*4 (1H, m), 
5*48 -  3*70 (1H, m), 4*42 (3H, s ) ,  and 7*23 (3H, d , 2JpcH 13*5 Hz); S 31p 
(CF^CO^H) - 6*2 p#p.m.
Tri-2-C1 —inethylpyrro l y l )phosph.ine -  n-Buty 1 -lith iu m  (0*6 mol) in  ligh t-p etro leu m
(b .p . 40- 60° )  was added dropwise, w ith s t ir r in g  under n itro g en , to 1-m eth yl-
29 3pyrrole (52 g , ^>0*6 mol) in  e th er  (200 cm ) ,  The r e s u lt in g  so lu tio n  was
heated under re flu x  fo r  14 h before being cooled in  i c e .  Phosphorus tr ic h lo r id e
(13*8 g> 0*1 mol) in  ether (100 cm ) was then added s lo w ly . The m ixture was
then heated under r e f lu x  fo r  an ad d ition a l 3 before being cooled in  Ic e  and
•2hydrolysed by the ad d ition  o f ammonium ch lorid e  so lu tio n  ( 10%w/ v ; 100 cm )•
The organic layer was separated, the aqueous layer  extracted  w ith e th e r , and 
the combined organic la y ers  dried (NagSO^). Evaporation o f  the so lv en t gave a 
brown o i l  which was d i s t i l l e d  to g ive  t r i - 2 - (1 -m ethylpyrrolyl)phosphine ( 10*9 g ,  
40%), b .p , 132-1400 a t 0*04 mmHg, m.p. 121-2° (ex  EtOH) (Found: C, 66*25;
H, 6*65; N, 15*55. C1 qN^P req u ires C, 66*40: H, 6*65; N, 15*5%); t  (CDCl^) 
3*2 (3H, 1J1)> 3*8 -4*1 (6H, m), and 6*4 (9^, s ) .  The phosphine, in  so lu tio n  in
benzene, w ith benzyl bromide gave b e n z y ltr i-2- ( 1-m ethylpyrrolyl)pho sphonium 
bromide. (XXIX), m.p, 264° (ex  EtOAc -  EtOH) (Found: G, 59*65; 2, 5*55; 2, 9*25* 
C22E25BrN3P re( u^jLres c » 59*75; H, 5*70; E, 9*5%); T (CDC1 ) 2*6 -  3*3 (112 , m ), 
3*65 (3H, m ) ,  5*27 ( 2H, d , =  14*25 H z), and 6*67 (9H, s ) ;  S 3 1 P (CFjCOgH)
+14*6 p .p .m ,. The pho sphine, in  benzene so lu tio n  when trea ted  w ith methyl 
iod ide gave m eth yItr i-2 -(1 -methyIpyrrolyl)phosphonium io d id e . (XXXl), m,p, 215°
(ex EtOAc -  EtOH) (Found: C, 46*7; 2 , 5*2; E, 10*0. C ^E^IE^? req u ires C, 46*5;
H, 5*15 N, 1O*15?0;t (CDCl ) 2*65 (3H, m), 3*35 (3H, m), 3*6 (jE , m), 6*3 ( 9H, s ) ,  
and 7*07 (2H, d, 2JpcH = 13*5 Hz); &31P (CHC1 ) +17*8 p .p .m .; S 31P (CFjCOgH)
4-18*5 p .p .m ,,
Triphcnyl( 1 -methy Ipyrro 1-2-yl)methyluhosphonium Iodide (XXXIl). D im ethyl-
ammonium ch loride ( 42*5 g , 0*52 mol) in  40% fo im alin  ( 39*5 g) was added, w ith
30constant s t ir r in g  to 1-m ethylpyrrole ( 40*5 g , 0*5 m ol), a t  such a ra te  th a t  
the temperature did not exceed 60°. S t irr in g  was continued fo r  2 h a f t e r  the  
add ition  was com plete, and the mixture was allowed to stand overn ight before  
being poured in to  sodium hydroxide so lu tio n  (25% w/v; 100 cm )•  The mixture 
was extracted w ith ether (3  x 100 cm ) ,  and the combined eth er e x tra c ts  were 
washed with water (2 x 20 cm5) and dried  (Ea^SO^) • The so lv en t was evaporated  
and the residu e d i s t i l l e d  to g ive  2-(dim ethylam inom ethyi)-1 -m ethylpyrrole  
(48 g , 67%), b .p . 55° a t  10 mmEg ( l i t . , 50 63° a t  12 mmEg);T (CDGl^) 2*5 (111, m), 
4*0 (2H, m), 6*47 (32 , s ) ,  6*73 (2H, s ) ,  and 7*85 (6H, s ) .  This compound, in  
ether so lu tion  when treated  w ith methyl iod id e  gave trim eth ylfl-m eth ylpyrro 1— 
2-yl)methylammonium io d id e , m.p. 143° (decomp,) (ex  EtOH) ( l i t . , 5°  143° decomp.); 
T(CDC13) 3*15 -  3*28 ( 1H, m), 3*4 -  3*57 ( 12 , m), 3*75 -  3*9 (1 2 , m), 5*03 
(2H, s ) ,  6*15 (32, s ) ,  and 6*62 ( 9 2 , s ) .  The above s a lt  (0*9 g , 0*0032 mol) 
was added to a so lu tio n  o f  triphenylphosphine ( 1*05 g  0*004 ®ol) an eth an o l.
The r e s u lt in g  so lu tio n  was heated under r e f lu x  fo r  12 h . A fter c o o lin g  the  
p rec ip ita te d  phosphonium s a l t , (XXXIl), was f i l t e r e d  ( 1*1 g , 65%), m .p. 204°
(ex  EtOAc -  KeOH) (Found: C, 59*4; 2 , 4*75; 2 ,2 * 9 . ^24^23^EP reGuar e s  Cf 59*6;
H, 4-8; K, 2-9;4);t(C D G l5) 2*05 -  2*7 (1 5H, m), 3*4 -  3*55 (1H, m) , 3*96 -  4*15 
(1H, m), 4*25 -  4*45 (1H, m), 4*96 (2H, d, 2JpcH = 12 Hz), and 6*93 (3H, s ) ;
5 P (CHClj) -17*8 p .p .m .; S ?1p (CP COgH) - I 7 . 0  p .p .m ..
H ydrolysis o f Phosphonium S a lt s .
A. I-lethy l-2 -(l-m eth y lp y r r o Iv l) diphenyIpho sphonium Iodide (XXVIIl) . To a 
so lu tio n  o f  the s a lt  in  ethanol ( 1*5 cm5) was added sodium hydroxide so lu tio n  
(21-1, 2 cm5) and the r e s u lt in g  so lu tio n  heated under r e flu x  fo r  12 h. The 
presence o f  1-m ethylpyrrole in  the reaction  mixture was confirmed by g . l . c .  
a n a ly s is ; benzene was not d etec ted . The rea c tio n  mixture was evaporated, and
■7 ~Zthe resid u e extracted w ith water (5 cm ) and chloroform (2 z  10 cm )« The
chloroform extract was dried (MgSO ) and evaporated to g ive  m ethyldiphenyl-
o 1^phosphine ox id e , (XXX), m.p. 112-113 (ex hexane-benzene) ( l i t . ,  m.p. 111-
112°);T(CDC1 ) 2*0 -  2*7 (10H, m), and 8*0 (3H, d , 2JpCH 13*5 Hz).
B. I-Iethyl t r i - 2 - (  1 -me thylpyrro ly l )  pho sphonium Iodide (XXXl). The s a l t  was 
decomposed as described in  (A) above, and the products extracted  in to  chloroform  
to  g ive  m eth y ld l-2 -(l -m ethylpyrrolyl)phosphine oxide (XXXIIl), m.p. 124° (ex  hex- 
ane-benzene), (Found: C, 58*8; 2 , 6 *8 ; E,11*95* req u ires G, 59*45;
H, 6 *75; E, 12*6%); (m/e 222, M+) ; t  (CDG1_) 3*05 -  3*45 (2H, m), 3*5 -  3*7
(211, m), 3*75 -  3*95 (2H, m), 6*21 (611, s ) ,  and 8-03 (3H, d, 2Jppn = 1-4*2 H z).
*3 p( 'Z'U PCH
The presence o f 1-m ethylpyrrole in  the rea ctio n  mixture was confirmed by 
g . l . c .  a n a ly s is .
C. Benzyl t r i - 2 - (  1 -me thy Ipyrro l y l )  pho sphonium Bromide (XXIX). The s a l t  (0*22 g ) ,  
in  ethanol (1 cm ) ,  was treated  w ith sodium hydroxide so lu tio n  (2M, 2 cm ) and 
the r e su lt in g  so lu tio n  allowed to stand in  a stoppered f la s k  at room temperature 
fo r  1 week. The mixture was then cen trifuged  to separate the p r e c ip ita te d  
phosphine ox id es. The supernatant liq u id  was then analysed by g . l . c .  and shown
-jto contain  both to luene and 1-m ethylpyrrole in  a 3 : 2 mole r a t io .  n n .m .r . 
a n a ly s is  o f  the p rec ip ita ted  phosphine ox id es confirmed th a t lo s s  o f  benzyl and 
2- (  1-m ethylpyrrolyl) su b stitu en ts  had occurred in  the above r a t io .
D. TrinhenylC 1 -m ethyIpyrrol-2~yl)m ethylpho sphonium Iodide (XXXIl). The s a l t  
(0*2 g) was d isso lv ed  in  sodium hydroxide so lu tion  ( 21-1, 10 cm5) ,  and the  
so lu tio n  heated under r e f lu x  fo r  24 h. The mixture was then d i s t i l l e d  to g iv e  
an em ulsion, which was extracted w ith ether ( 2 x 1 0  cm ) . The e th er  e x tr a c t, 
a fte r  drying over MgSO ,^ was evaporated to  g iv e  1,2 -d im ethyIpyrrole;T  (CDCl^) 
2*4 -  2*6 (1H, m), 3*4 -  3*53 (1H, m), 3*9 -  4*22 (1H, m), 6*53 (3H, s ) ,  and 
7*83 (32 , s ) .  The residu e in  the d i s t i l l a t io n  f la s k  was extracted  w ith  
chloroform (2 x 10 cm5) ,  and the chloroform ex tract dried (HgSO^), before  
evaporation to y ie ld  triphenylphosphine ox id e , m.p. 157- 158°  (ex  hexane- 
benzene), id e n t ic a l with an authentic specimen.
K inetic  S tu d ies.
The hydrolyses were carried  out in  aqueous 50% (v/ v ) ethanol (0*1 M in  KC1
in  the case o f  the heteroarylm ethyl s a l t ) ,  a t i n i t i a l  concen trations o f
phosphonium s a lt  and sodium hydroxide o f 0*01 M, and were fo llow ed  by a
conventional b a c k -titr a tio n  procedure, in  which the decrease in  sodium hydroxide
was monitored. The so lu tio n s  were in  a therm ostatted bath co n tro lled  to ^0*1°*
The rea c tio n s  were fo llow ed  fo r  a t le a s t  one h a l f - l i f e ,  and the data were
evaluated by the method o f  in teg r a tio n . In a l l  cases a p lo t  o f 1/|~Qjfj2 v s  time
was lin ea r  confirm ing a third-order ra te  law.
31 P N.m.r. S tudies o f the Reaction between M eth y ltr l-2 -( 1 -m eth ylp yrro ly l ) -  
phosphonium Iodide and Sodium Ethoxide.
The s a l t  ( 0  2065 g , 1 mol. eq u iv .) was d isso lv ed  in  dry ethan ol (2 cm5)
3"j 3and the P chem ical s h if t  recorded. Addition o f sodium ethoxide (0*25 cm ,
30*5 mol. eq u iv .) (from sodium ( 0»23 g) in  dry ethanol 10 cnr) caused no s h i f t  
31of the P resonance due to  the phosphonium io n . S im ila r ly , in c r e a se s  in  the
31proportion o f  ethoxide ion had no e f f e c t .  No other P resonance could be 
d etected , thus in d ica tin g  the absence o f appreciable amounts o f  pentacovalent 
phosphorane.
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CHAPTER TV/O
Studies o f  the Mechanism of the W ittig  R eaction. The E ffe c t o f S u b stitu en ts  
a t Phosphorus on the Fate o f Phosohobetaines in  P ro tic  S o lv en ts .
2.1 In trodu ction ,
The rea ctio n  o f an a lk y lid en e phosphorane ( i )  w ith a carbonyl compound to  
g iv e  phosphine oxide and o le f in  , which i s  now u n iv e r sa lly  known as the Wit t i g  
rea c tio n , was o r ig in a lly  discovered by Hans Staudinger in  the 1920s and 
developed in to  a u se fu l syn th etic  method by Georg W ittig  in  the 1950s, The 
rea c tio n  has been applied  w ith outstanding success in  many f i e l d s  e .g ,  in  the  
syn th esis  o f  caroten oids, polyenes, and the D Vitam ins. The rea ctio n  has 
sev era l advantages; i t  proceeds under very mild con d itio n s, the carbonyl 
compound may contain a wide range o f fu n ctio n a l groups ( e .g ,  haJLogen, e s t e r ,  
a c e ta l ,  e th er , hydroxyl) and, in  co n trast to syntheses in v o lv in g  dehydration  
o f a lco h o ls , there i s  no ambiguity in  the p o s it io n  o f the double bond.
Alky l id  enephosphoranes are obtained from alky lpho sphonium s a l t s  by the
a c tio n  o f a su ita b le  base. The strength o f the base depends on the a c id ity  o f
the c< -hydrogen and v a r ies  from aqueous sodium carbonate fo r  some diphosphonium 
2s a l t s  to a lky l-m eta ls  in  non-polar so lv en ts  fo r  un su bstitu ted  a lky lpho sphonium
s a l t s .  Bases and so lven ts commonly employed include b u ty l- and pheny1-lithium
in  eth er , benzene, or tetrahydrofuran, and sodium or lithium  a lk ox id es in  the
corresponding a lcoh o l or in  dimethylformamide. The u se  o f dim ethyl sulphoxide
— +m eta lla ted  by sodium hydride i . e .  KeSOC^ Na‘ , w ith dim ethyl sulphoxide as
7the so lv en t has a lso  been described , and high y ie ld s  o f o le f in s  are claim ed.
1 4  5The mechanism o f the W ittig  rea ctio n  9 i s  thought to be a two s ta g e  
process in v o lv in g  the co lla p se  o f an interm ediate beta in e ( i l ) ,  (Scheme i ) .
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Scheme I
The rate-determ ining- step may he e ith er  the formation or decom position o f the
betadne. I f  i t  i s  assumed th a t betadne formation in v o lv es  n u c le o p h ilic  a tta ck
by the cX-carbon o f  the phosphorane ( i )  on the carbonyl group, the ra te  w i l l
depend upon the n u c le o p h i l ic ity  o f the o<-carbon, and on the s u s c e p t ib i l i t y  o f
the carbonyl group to n u c leo p h ilic  a tta ck . Su bstitu en ts a t phosphorus which
decrease the p o s it iv e  character o f th a t atom w il l  increa.se the r e a c t iv it y  o f
the phosphorane ( i )  by s ta b i l i s in g  the contrib u tin g  d ip o lar  form , w hile
d e lo c a lisa t io n  o f  the negative  charge on the oC-carbon ( e ,g .  by su b stitu en ts  
2 3R and R having electron-withdraw ing p ro p erties) w i l l  considerab ly  reduce th e  
r e a c t iv i t y .  Thus w hile fluorenylidenetriphenylphosphorane (IY; R = P h), in  
which the n egative charge i s  d e lo ca lised  throughout the flu orene nu cleu s, r e a c ts  
w ith n e ith er  aldehydes or k eton es, the trialkylphosphoranes (IY; R = Me, Bu) 
r ea c t w ith aldehydes and w ith the more r ea c tiv e  ketones e .g .  4 -tt itr o a ce to -  
phenone^.
'O— CHPh
(IY) ( V )
Decomposition o f the hetaine ( i l )  to  phosphine oxide and o le f in  w i l l  "be
1retarded "by e lectron -d onating  su b stitu en ts  R which decrease the p o s it iv e
character and hence the oxygen a f f in i t y  o f  the phosphorus, and the involvement
o f  the heta in e interm ediate in  the reaction  i s  supported by the is o la t io n  o f  a
number of b eta in es , e .g ,  (V ), from the reaction  between m eth y len etr i-(p -a n i s y l ) -  
7phosphorane and benzaldehyde in  ether solvent; the e lectron -don atin g  p-methoxy
groups so reduce the p o s it iv e  charge on the phosphorus tha.t n u c leo p h ilic  a ttack
2 5by oxygen i s  prevented. S u bstitu en ts R -  R which can conjugate w ith the  
forming double bond in  the tr a n s it io n  s ta te  w i l l  a cce lera te  the decom position
o f the beta in e ( i i ) .
CHCH
+  l 2  3CH —  P— CHCH I3 i 2 6  5
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That the W ittig  reaction  in vo lves complete re ten tio n  o f  con figu ration  a t  
phosphorus was demonstrated by KcEwen e t  a l8 y ^  from the rea c tio n  between 
benzaldehyde and the phosphorane derived from (4-)~benzylethylm ethylphenyl- 
phosphonium iod ide (V i) by the action  o f phenyl-lithium  in  e th er , obtained
s t ilb e n e  (predominantly as the trans isom er) and o p t ic a l ly  pure (-5-)-ethy3m e th y l-  
pheny lpho sphine o x id e . In order to exp la in  the observed re ten tio n  o f  configura­
tio n  a t  phosphorus during the W ittig  r ea c tio n , KcEwen suggested th a t there are 
four conceivable types o f interm ediate (V I l) , (V I I l) , (IX) and (X ), I t  was 
proposed th a t in  any o f the interm ediates o f  type ( V I l) , (V IIl) and (IX ), 
there i s  no new type o f  angular stra in  about any o f  the bonds. The in ter n a l  
angles o f the 4-niembered r in g s are 90° in  (V Il) and (V I I l) ,  and the bond an gles  
between phosphorus and the atoms which occupy the basa.1 p o s it io n s  o f  the  
tr ig o n a l bipyramid are 120°; w h ils t  in  (IX) the bond angles between the  
phosphorus and the atoms which occupy the b asa l p o s it io n s  o f  the square pyramid 
are the normal 90°* In a structure o f  type (X), however, there i s  much angular 
s tra in . The in tern a l angles o f the 4 -menbered r in g  cannot be 90° i f  the bond 
angles between phosphorus and the atoms occupying the banal p o s it io n s  o f  the 
tr ig o n a l bipyramid are the normal 120°, and v ic e  versa , thus i t  i s  u n lik e ly  
tha t an interm ediate o f type (X) would be formed. On the b a s is  o f the arguments 
o f  Haake and Westheimer^, interm ediates (V I l) , (V IIl) and (IX) would c o lla p se  
to g ive products'w ith reten tion  o f configuration  a t phosphorus, w hile  the  
interm ediate (X) would co lla p se  to g iv e  the products of the W ittig  r e a c t io n , 
but with in version  o f configu ration  a t  the phosphorus atom. Therefore, s in ce  
angular s tr a in  in h ib it s  the formation o f (X) the on ly  in term ediates which can 
be rea d ily  formed are those which lead to r e ten tio n  o f con figu ration  a t
phosphorus in  the form ation o f  ethylme thy lpheny lpho sphine ox id e .
10Trippett e t  a l  noted th a t w hile benzyl tripheny lpho sphonium h a lid e s  g iv e
high y ie ld s  o f  s t ilb e n e s  in  W ittig  o le f in  syntheses w ith aromatic aldehydes in
a lc o h o lic  a lkoxide, methyl tripheny lpho sphonium h a lid e s  which do not undergo 
11a lc o h o ly s is  , g iv e  only poor y ie ld s  o f  o le f in s  under the same c o n d it io n s . I t  
was th erefore suggested th a t reaction s which are not alcoho l y s i s  must be 
competing w ith the o le f in  syn th esis  from methy lpho sphonium s a l t s .  Thus in  an 
in v e s t ig a tio n  o f  the products o f  the rea ctio n  between benzaldehyde and
methyl tripheny lpho sphonium h a lid e s  in  eth an olic  sodium ethoxide, T rippett e t  a l  
showed th a t in  add ition  to  the normal W ittig  products (11 °/o) , the rearrangement 
product 1 ,2-d iphenyle thyldipheny lpho sphine oxide (XI; R = Ph) i s  a lso  formed
-j(68%). The mechanism suggested by T rippett fo r  the form ation o f  (XI; R = Ph) 
involved  the simultaneous m igration o f  a phenyl group from phosphorus to  the  
oC-carbon, and o f  hydrogen (a s  hydride io n ) from the <X-to the p -p o s it io n  in
•jthe interm ediate b eta in e (XII; R = P h ), (Scheme I I ) .
Ph /  .0.
J‘■ ~ + 1 /  \  APh-PCEL, = = = ^  Ph P GIL  ^ a  p------- CH—r— H « Ph2P -r CH_ CHR3 ;> ^  3 * * 2+ | 1 3 2
0  —^CH------- R1
^  ,
-C —
(X II)
Fn2P(0)CHPh*CH2R1
( X I )
Scheme II
In add ition  to the above, the re la ted  rea c tio n  between triphenylphosphine
-jand styrene oxide ( in  which the beta ine (XII; R = Ph) i s  the expected intern- 
mediate) in  re flu x in g  ethan olic  so lu tio n , a lso  g iv es  the rearranged oxide
-j(XI; R = Ph) in  high y ie ld .  The migratory ap titu d es o f  su b stitu ted  phenyl
groups in  the above rearrangement we re  in v e stig a te d  u sin g  both the rea c tio n  o f
+
the phosphonium s a lt s  I-IePh^PCgH X I w ith benzaldehyde in  e th a n o lic  sodium 
ethoxide, and the rea ctio n  o f the phosphines Ph^ PC^H^ X w ith styrene ox id e in  
reflu x in g  ethanol. In a l l  r ea c tio n s , the order o f m igration m-chlorophenyl^>  
phenyl^> p -a n isy l i s  observed, and thus the group which m igrates i s  most s ta b le  
as the carbanion.
Reactions in v o lv in g  a ry l m igration from phosphorus to the OC-carbon o f  an
12 13a lip h a t ic  chain have a lso  been observed by other workers. Tebby e t  a l  9
-jshowed tha t 1 ,2-d iphenyle thyldipheny lpho sphine oxide (XI; R = Ph) may be
obtained from triphenylphosphine and phenylacetylene in  the presence o f  water,
the reaction  in vo lv in g  tr ip h en y l-p -sty ry lp h o  sphonium hydroxide (X III; H = Ph)
14as the in term ediate. S im ila r ly , Brophy e t  a l  ‘ obtained the same oxide (XI;
R1 = Ph) from the action  o f  d ilu te  a lk a l i  on tr ip h en y l- p - s ty r y  lpho sphonium
■jbromide (XIV; R = P h ) ,th is  reaction  a.lso proceeding v ia  tr ip h e n y l-p - s ty r y  1 -
1 15phosphonium hydroxide (X III; R = Ph). Zbiral e t  a l  reported phenyl m igrations
a r is in g  from the a lk a lin e  h yd rolysis  o f  some p-acylvinylphosphonium  s a l t s
1 16 (XIV; R -  COPh, COalkyl) and re la ted  oximino compounds ; a rea ction  pathway
which again involved the corresponding viny lpho sphonium hydroxides was suggested.
17 18In view  o f these r e s u lt s  Tebby e t  a l  * proposed th a t the rea c tio n  between 
triphenylphosphine and styrene oxide may a lso  pass through a v in y  lpho sphonium 
hydroxide interm ediate, and the fo llo w in g  Scheme I I I  was suggested .
Ph^P + CH,/ \  1■CHR Ph.,P + HC 3
Ph^PCH0-
PhJ?3
(X II)
9 “  pI 1 R OF n•CHR > PhJPCH3 |
R20" H
HgO (XIV)
CH2 + R CHO
-R OH
*R OKa
Ph_PCH- 3
Ph,PCH.
(XVI)
+
PhuPCH:3
■CER1 Br~ 
AgpO or  
d l l .  HaOH
CHR1 0 ET-
(X III)
0IIPh2PCHPh- -ch2r ‘
(XI)
Scheme I I I
Thus the 2-hydroxyethylphosphonium s a lt  (XV) i s  formed on protonation  o f  the
•jo r ig in a l betaine (XII; R = Ph) in  preference to the form ation o f  the  
oxaphosphetan ( c f  Scheme i ) . The reaction  then proceeds w ith the forma/fcion o f  
the v in y  lpho sphonium hydroxide (X IIl) and hence the rearrangement o x id e .
-JEvidence that the 2-hydroxyalky lpho sphonium s a lt  (XV; R — Ph) i s  an
10interm ediate in  the rearrangement rea c tio n s  reported by T rippett was obtained
"by Tebby from the a c tion  o f base on the 2-hydroxyalkylpho sphonium bromide
1 1 (XVI; R = Ph). Thus treatment o f (XVT; R = Ph) w ith d ilu te  aqueous a lk a li
O -jor e th an o lic  sodium ethoxide a t 0 g iv es  the phosphine oxide (XI; R = Ph) in
-jy ie ld s  o f 60% and r e sp e c t iv e ly . W ittig  had p rev iou sly  d etected  benzal-
-|dehyde on warming the s a l t  (XVI; R = Ph) w ith aqueous sodium hydroxide.
-jFurthermore the in terv en tio n  o f  the v iny lpho sphonium hydroxide (X III; R = Ph)
which should undergo oxygen exchange w ith water was in d icated  by the is o la t io n
■]o f the phosphine oxide (XI; R = Ph) incorporating la b e lle d  oxygen, from the
18rea ction  between triphenylphosphine and styrene oxide in  the presence o f  ;
the rea ctio n  between triphenylphosphine and styrene oxide i s  l i t t l e  a ffec ted  
by the presence or rigorous exclusion  o f  w ater.
+ D0 + OD
PhJPCH =  CER1 Br~ — --■??- > Ph PCH^ - —CHR1 --- -  ^ Ph^PCH =  CHR1:> 5 5
(XIV)
o
II 1Ph^PCHPh CIIDR «-
(XVIl)
OD
CHR
Ph
Scheme IV
The interm ediate undergoing rearrangement wan id e n t if ie d  by d eu ter ia tio n  stu d ies ,
-jThus the h y d ro lysis  of the v iny  lpho sphonium bromides (XIV; R = Ph or CO^Me) by
-jsodium d euterioxid e gave nono-p -d eu ter ia ted  phosphine ox ides (XVII; R = Ph or
-jCO^Ile). Plass sp ectra l a n a ly s is  o f compound (XVII; R = CO^ Fie) showed i t  to  be 
96/0 monodeuteriated, in  accordance w ith the rearrangement o f  a vinylphosphorus 
compound ( Scheme IV ).
Hydrolyses o f  phosphonium s a lt s  are u su a lly  second-order w ith  r esp e c t to  
hydroxide io n , a fa c t  in terp reted  in  terms o f  a base-ca.talysed decom position  
o f  an interm edia/te, contain ing quinquecova,lent phosphorus. That the
rearrangement rea ctio n  i s  base ca ta ly sed  i s  in d ica ted  by the observation  o f  the
in h ib it io n  o f the rea ctio n  by s a l t s  which have a bu ffer in g  e f f e c t .  Thus the
■]presence o f  sodium a c e ta te  in  the h yd ro lysis  o f  the bromides (XIV; R = Ph or  
COgKe) and in  the rea ctio n  o f triphenylphosphine w ith styrene oxide d r a s t ic a lly  
reduce the y ie ld s  of the rearranged phosphine ox id es.
Support fo r  the vinylphosphonium s a l t  interm ediate was g iven  by Schweizer 
e t  a l ^  who proposed an a lte r n a tiv e  mechanism (Scheme V) to th a t o f  W ittig  and
-jSchollkopf (Scheme i )  fo r  rea c tio n s  between phosphoranes and carbonyl reagents  
in  a lc o h o lic  (p r o t ic )  media which lead to  the 'normal1 W ittig  p rodu cts. I t  
was suggested th a t in  such so lv en ts  the interm ediate beta in e ( i l )  i s  protonated  
(thereby preventing formation o f the c y c l ic  oxaphosphetan ) to g iv e  the  
P-hydroxyethylpho sphonium s a l t  (XV). The la t t e r  e lim in ates water to  form the  
vinylpho sphonium s a l t  (X III) which then undergoes a lk a lin e  hydro l y s i s  on 
reaction  with hydroxide ion (derived from the water elim inated in  the previous  
step) to form w ith lo s s  o f the v in y l group, the 'normal1 W ittig  products.
4-1 2 P'Y’OT?4 1 *  2 pOH 1 ‘ 2R ,P =  CHR R JP------- CR H  ^ R ^P—-----CR H2 2
( I) CR5R4 EO--------CR^R4
( I I )  (XV)
,2
- h2o
R1 _PO +  ^ C = C /  < I^ d r Q l y s l s  R1 P ---------CR2= i = C R ' /R'
5 / ^ 3  0H~ 5H R- (X III)
Scheme Y
The sin e  qua non o f  th is  reaction  pathway i s  the presence in  the system  
o f p ro tic  so lv en ts  which may protonate the interm ediate b eta in e  ( i l ) .  There
must a lso  be a proton 06- to  the phosphonium m oiety in  the b eta in e  ( i l ) , and
2 A .one o f the su b stitu en ts  R -  R must be capable o f  conjugation w ith  th e  
in c ip ie n t double bond, in  order to produce the vinylpho sphonium s a lt  (X II l)  by
lo s s  o f  w ater. I t  was noted th a t the mechanism did not extend to compounds of
2formula ( i )  where R i s  H i . e .  methylenephosphoranes and a lso  to compounds 
which form <*-, and |3 -su b stitu te d  vinylpho sphonium s a l t s  in  which the
2 3 /su b stitu en ts  R , R , and R do not conjugate w ith the double bond, s in ce  
20 21previous evidence 9 has shown th a t the a lk a lin e  h y d ro lysis  o f  such compounds
w i l l  g ive  OC-, and p —a lk y l su b stitu ted  phosphine ox id es.
1°  \The Schweizer mechanism y (Scheme Y) d if fe r s  s l ig h t ly  from th a t proposed 
17 18by Tebby 9 (Scheme I II )  in  th at the dehydration o f  the 2-hydroxya.lkyl- 
phosphonium s a lt  interm ediate (XV) i s  ir r e v e r s ib le . I t  was considered th a t  
under anhydrous con d ition s the p o s s ib i l i t y  o f the vinylpho sphonium s a l t  
recombining w ith water to reform the 2-hydro r e a lly  lpho sphonium s a l t  i s  extrem ely  
u n lik e ly  and so t h is  step i s  e s s e n t ia l ly  ir r e v e r s ib le .
+  ~r~ ~~
PPh PPh Br
3  I 3C H =C— CH=CH ^ n v C H = C — CH=CH
2 OC( T Y
(XVIII) (XIX)
19In support o f the mechanism Schweizer suggested th a t under the co n d itio n s
used in  most normal W ittig  reaction s in  a lc o h o lic  so lv en ts , the vinylpho sphonium
interm ediates could never be iso la te d  because o f  the presence o f  hydroxide ion
which would immediately cause h yd ro lysis  to g iv e  the o le f in .  However, a number
o f  vinylpho sphonium s a l t s  have been iso la te d  under cer ta in  co n d itio n s . For
example, in  the rea ction  o f sa licy la ld ehyd e w ith a l ly l  tripheny lpho sphonium 
22bromide in  ethanol , the phenolic group in  the interm ediate (XVIII) consumes 
the base (OH ) which would normally a ttack  the tripheny lpho sphonium m oiety , 
thus allow ing the is o la t io n  o f the s a l t  (XIX) a f te r  a c id if ic a t io n . The 
is o la t io n  o f  several oth er vinylpho sphonium sa.lt s^ 3>24 were apso g iven  as  
supporting evidence.
The interm ediary o f a vinylpho sphonium s a lt  has a lso  been suggested by
25 • -Rakshys and iicKinley in  order to account fo r  a number o f  unexpected products
in  the reaction  o f 2-hydroxyalkyltriphenylphosphonium s a l t s  w ith base in  p ro tic  
so lv en ts .
26 19Trippett suggested th a t sin ce  the mechanism proposed by Schweizer
involved a lk a lin e  h y d ro lysis  o f a v iny  lpho sphonium s a lt  in term ediate to g iv e
the observed o le f in s  and phosphine o x id es , such o le f in  syntheses should proceed
w ith in version  o f  con figu ration  a t  phosphorus. Thus in  an in v e s t ig a tio n  o f
26the g en e ra lity  o f the Schweizer mechanism, T rippett e t a l  studied th e s te r ic  
course of the W ittig  rea c tio n  between o p t ic a l ly  a c t iv e  (+ )-b en zyleth ylm eth yl-  
phenylphosphonium iod ide  (VI) and benzaldehyde in  eth an olic  sodium ethoxide  
so lu tio n . I t  was shown th a t the rea c tio n  occurs w ith reten tio n  o f con figu ration  
at phosphorus to give (+)-ethylm ethylphenylpho sphine oxide and s t i lb e n e . The 
r e s u lt  i s  co n s isten t w ith the co lla p se  o f the c y c l ic  oxaphosphetan, and not 
w ith the involvement o f a vinylpho sphonium s a l t  in term ediate, s in ce  th e  
enantiomeric phosphine oxide i s  obtained from (V i) on a lk a lin e  h y d ro ly s is , 
Trippett suggested th a t routes v ia  oxaphosphetans and vinylpho sphonium s a l t s  
are com petitive, the preferred course depending on the nature o f  the s u b s t it ­
uents on the carbon o c -  to  phosphorus.
3 3 R H(xx) (XXI)
O
2 R H J I I r ?  3 0 — CHR
(XXII) (XXIII)
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In a study o f  the in flu en ce  o f electron-w ithdraw ing h e te r o cy c lic  su b s tit­
uen ts a t phosphorus on the preferred course o f the W ittig  rea ctio n  in  p ro tic
27so lv e n ts , A llen e t  a l  in v e stig a te d  the rea ctio n s o f  a s e r ie s  o f phosphonium
s a l t s  bearing h eteroary l su b stitu en ts , w ith benzaldehyde in  a lco h o lic -a lk o x id e
19 .media. I t  was considered th a t i f  the a lte r n a tiv e  mechanism o f  Schweizer i s  
g en era lly  op era tiv e , then the W ittig  rea ctio n  between b e n z y ltr i- (2 - fu r y l) -
-jphosphonium bromide (XX; R = G I^LCH ,^ X = Br) and benzaldehyde in  anhydrous
methanol contain ing sodium reethoxide should lead to the vinylpho sphonium s a l t  
1 2(XXI; R =. R = Therefore on the b a s is  o f the e sta b lish ed  order o f
cleavage o f  h etero a ry l, and benzyl groups from phosphorus^, i . e .  2-furyl^>
1 22-th ien y l^ >  benzyl^> phenyl, i t  was considered tha.t the s a lt  (XXI; R = R =
1 2CgEj.) should undergo h yd ro lysis  with lo s s  o f  furan to g ive  (XXII; R = R" =
A ltern a tiv e ly  i f  the mechanism predominantly involved intram olecular
1 2co lla p se  o f the oxaohosphetan (XXIII; R = R = C,E_) the rea ctio n  would g iv eo p
tr i-(2 -fu ry l)p h o sp h in e  oxide (XXIV) and s t i lb e n e . Since the above reaction  
led  to the formation o f tra n s-s tilb en d  and tr i-(2 -fu r y l)p h o  sphine oxide (XXIY) 
w ith  no other phosphine ox id es being detected., and sim ila r  r e s u lt s  were obtained
•jfo r  the corresponding reaction  o f the ethy l pho sphonium s a lt  (XX; R = CgH-,
X =: B r), i t  was suggested th at a vinylpho sphonium s a l t  interm ediate did  not  
appear to be in volved , the rea ctio n s fo llo w in g  the normal W ittig  course 
in v o lv in g  the co lla p se  of the oxaphosphetan in term ediate.
Q ~ O I
(XX?)
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27A llen e t  a l  a lso  studied the reaction s o f a s e r ie s  o f  methy lpho sphonium 
s a lt s  hearing 2 -fu ry l su b stitu en ts  (XX; R = CH , X = I ) ,  (XXV) and (XXVl) with  
benzaldehyde in  eth an olic  sodium ethoxide so lu tio n . I t  was suggested th a t 
should a, vinylpho sphonium s a lt  interm ediate be involved in  th ese  r e a c tio n s , i t  
would be expected th a t m igration o f ‘the 2 -fu r y l group from phosphorus to carbon 
would occur, since in  the p inacol-p inacolone rearrangement*^ (where the  
e lec tro n ic  s itu a tio n  i s  sim ilar in  th a t the m igrating group i s  e f f e c t iv e ly  
carb an ion ic), i t  has been shown th a t a 2 -fu r y l group m igrates in  preference to 
a phenyl group.
I t  was observed, however, that in  marked con trast to the rea c tio n  o f  
methyltriphenylphosphonium iod id e  w ith benzaldehyde in  eth an o lic  sodium ethoxide, 
which occurs to g ive predominantly the rearrangement product 1 , 2 -d ip h en y leth y l-  
diphenylpho sphine oxide (XI; R = Ph) the corresponding rea ction  o f  t r i - ( 2 - f u r y l ) -
-jme thy lpho sphonium iod id e (XX; R = CH ,^ X = I ) g iv es  the normal W ittig  products, 
styrene and t r i - (  2-furyl)pho sphine oxide (XXIV). The rearrangement product was 
not d etected . S im ilarly  in  the rea ctio n s o f d i-  ( 2 -fu r y l) me thy Ipheny lpho sphonium 
iod id e  (XXV) and ( 2 -fu ry l) me thyldipheny lpho sphonium iod id e (XXVl) w ith  
benzaldehyde under the same con d ition s, the normal W ittig  products d i- (2 - fu r y l)~  
pheny lpho sphine oxide (XXVIl), and (2-furyl)d iphenylphosphine ox id e (XXVIII) ,  
togeth er w ith styren e, were is o la te d .
27On the b a sis  o f th ese  r e s u lt s  A llen e t a l  supported the su ggestion  made 
2 6by T rippett tha t routes v ia  the oxaphosphetans and vinylpho sphonium s a l t s  
are com petitive. The course taken, however, depends not on ly  on the nature o f  
the su b stitu en ts  on the carbon o^- to phosphorus, but a lso  on the nature o f  
the su b stitu en ts a t phosphorus.
2 .2  The S ter ic  and E lectron ic  E ffe c ts  o f 2-(1 -Ke th y ln y rro ly l) S u b stitu en ts  a,t 
Phosphorus on the Course o f the W ittig  Reaction in  P ro tic  S o lv en ts .
A p o ss ib le  explanation fo r  the lack  o f involvem ent o f  a vinylpho sphonium 
s a l t  interm ediate in  the W ittig  rea c tio n  o f  phosphonium s a l t s  bearing 2 - fu r y l
su b stitu en ts  i s  tha t s in ce  the 2 -fu r y l group ex er ts  a marked electron-w ithdraw in
the formation o f  the oxaphosphetan) w i l l  take p la c e . Thus the route v ia  the  
oxaphosphetan w i l l  be favoured, rather than the a ltern a tiv e  route  in v o lv in g  
protonation o f  the b eta in e to the hydroxyetbylpho sphonium s a l t ,  fo llow ed by 
dehydration to . form the vinylpho sphonium s a l t .  I t  was o f in t e r e s t  th erefo re , 
in  view o f  the apparent d ifferen ce  in  the e lec tr o n ic  p rop erties  o f  the 
2 - (1-m ethylpyrrolyl) and 2 -fu ry l su b stitu en ts , to extend the above study to  
phosphonium s a l t s  bearing 2—(1-m ethylpyrrolyl) su b stitu en ts .
Thus the rea c tio n s  o f m e th y ltr i-2 -(1 -methy Ipyrro l y l )  pho sphonium iod id e
benzaldehyde in  a lco h o lic -a lk o x id e  media have been stu d ied , togeth er  w ith the
dipheny lpho sphine (XXXIl) w ith styrene oxide in  re flu x in g  ethan ol.
I t  was considered th a t sin ce  the 2 - (1-m ethylpyrrolyl) group i s  much l e s s  
electron-withdraw ing than the 2 -fu r y l group, rapid intram olecular n u c le o p h i l ic  
attack  a t phosphorus i s  u n lik e ly , and th erefore the route v ia  the oxaphosphetan
e f f e c t ,  rapid intram olecular n u c leo p h ilic  a ttack  a t phosphorus (r e su lt in g  in
(XXIX) (XXX)
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(XXXI) , (XXXIl)
(XXIX) and m ethyl-2-( 1-m ethylpyrrolyl) dipheny lpho sphonium iod id e  (XXX) w ith
rea ctio n s o f  tr i-2 -(l-m eth 2/lpyrro ly l)p h osp h in e (XXXl) and 2 - (1-m eth ylpyrroly l)
would be l e s s  favoured than in  analogous r ea c tio n s  in v o lv in g  2-fury  lpho sphonium
19s a l t s .  Thus i f  the Schweizer mechanism i s  gen era lly  opera-tive, protonation
o f the h eta in e  fo llow ed by dehydration to the vinylphosphonium s a l t  may occur,
10and on the b a s is  o f  the reaction s reported by Trippett m igration from 
phosphorus to oC-carbon might be expected.
P—C H=C H
C H .
P -C  H=C H
(XXXIII) (XXXTV)
1 0In marked contrast to the rea c tio n s  reported by Trippett which g iv e
predominantly the rearrangement product, and a lso  the corresponding r ea c tio n s
27o f me thy Ip ho sphonium sa.lt s bearing 2 -fu ry1 su b stitu en ts  which lead to  
'norma,!1 W ittig  products, the rea ctio n s between me thy 1 t r i -  2- (1 -me t  hy Ipyrro ly  1) -* 
phosphonium iod id e  (XXIX) and methy l - 2 - ( l  -methy Ipyrro lyl)diphenylphosphonium  
iod id e  (XXX) and benzaldehyde in  e th a n o lic  sodium ethoxide take p lace  w ith  
lo s s  o f 1-m ethylpyrrole to g ive  d i-2 -(l-m eth y lp y rro ly l)~  p -styry lp h osp h in e  
oxide (XXXIIl) (70%) and diphenyl- p -styry lp h osp h in e oxide ( XXXIV) (53%) 
r e sp e c tiv e ly , in  add ition  to small amounts o f the 'normal* W ittig  products. 
S im ilar ly , d ip h en y l-p -styry lp h osp h in e oxide (XXXIV) was a lso  obtained from 
the rea-ct.ion between 2 -(1 -m ethyIpyrrolyl)diphenylphosphine (XXXIl) and styrene  
oxide.
The is o la t io n  o f  a p -styry lp h osp h in e oxide product from the rea ctio n
c le a r ly  in d ica te s  the formation o f  a vinylpho sphonium s a lt  in term ed iate, which
i s  subsequently hydrolysed w ith lo s s  o f  1-me thy lp yrro le  to g ive the correspondin
vinylpho sphine ox id e . Since decomposition o f  the s a l t  to 'normal' W ittig
products would not be expected on the grounds o f  carbanion r e la t iv e  s t a b i l i t i e s ,
the above r e s u lt s  are unusual in  view o f  the rearrangement rea c tio n s  reported  
10by T rippett , in  th a t m igration o f the 2 -(1-m ethylp yrroly l) group from 
phosphorus to the c*.-carbon did not take p la ce .
Kechanism A
1 ylBrophy e t  a l  suggested th a t fo r  tra n sfer  o f  the departing  carbanion 
from phosphorus to the adjacent carbon during the a lk a lin e  h yd ro lysis  o f  
phosphonium s a l t s ,  the carbon atom should carry an appropriate e lectron  sink  
( i . e .  a good leav in g  group or electron-delocaJLising su b s titu e n t) . Since the  
phenyl group in  the s ty r y l s a lt  i s  capable o f  d e lo c a lisa tio n  o f  the d isp laced  
electron  p a ir  (Kechanism A) i t  would appear tha,t fa.ctors o th er than the  
e lec tro n ic  character o f  the su b stitu en ts  a r e . important in  d ecid in g  the course  
o f the above rea c tio n s. I t  i s  thus o f  in te r e s t  to consider the observations  
made by other workers on rela.ted system s.
+ .  -
p c (c h ) 3 I  ,  > p - c h = c h Q
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(XXXV) (XXXVI)
Prom the rea ctio n  between t-hutyldi-(2-furyl)m ethylphosphoniuin io d id e  
(XXXV) and benzaldehyde in  eth an olic  sodium eth ox iae , A llen e t  a l ' / is o la te d  
t -b u ty l-2 ~ (fu r y l)-p -s ty r y lp h o sp h in e  oxide (XXXVT) as the major product. Thus 
i t  would appear tha,t in  a rea ction  sim ila r  to the above, a vinylpho sphonium 
s a l t  i s  formed and i s  subsequently hydrolysed w ith lo s s  o f furan to  g iv e  the  
P-styrylp hosphin e oxide (XXXWl). Since previous r e s u lt s  in v o lv in g  2 -fu ry1-  
phosphonium s a l t s  in d ica te  a reaction  v ia  the ‘normal* W ittig  ro u te , th is  
r e s u lt  i s  important since su b stitu tio n  o f  a t-b u ty l fo r  a phenyl, or  2 -fu r y l  
group appears to a lt e r  the mechanism fo r  the reaction  between benzaldehyde and 
phosphoranes derived from 2-furylphosphonium s a lt s  in  p ro tic  m edia. The change
i n  mechanism can he th e  r e s u l t  o f  tv/o p o s s ib le  e f f e c t s ,  ( i )  e le c t r o n - d o n a t io n
by th e  t - b u ty l  group  w hich w i l l  red u ce  th e  p o s i t i v e  n a tu re  o f th e  phosphorus
atom , th u s  m aking r a p id  in t r a m o le c u la r  n u c le o p h i l i c  a t t a c k  ( to  form  th e
oxaphosphetan ) l e s s  fav o u red  o r  a l t e r n a t i v e l y ,  ( i i )  s t e r i c  h in d ra n c e  by th e
t - b u t y l  g roup , w hich a g a in  w i l l  red u ce  th e  p o s s i b i l i t y  o f  r a p id  o x aphosphetan
31fo rm a tio n . On th e  b a ,s is  o f  th e  r e s u l t s  r e p o r te d  by T r ip p e t t  f o r  th e  a l k a l in e  
h y d ro ly s is  o f  t-bu ty lphosphon ium  s a l . ts  i t  i s  l i k e l y  th a t  o f  th e  tv/o p o s s ib le  
e f f e c t s ,  s t e r i c  h in d ra n c e  w i l l  be th e  more im p o r ta n t .  I t  i s  p o s s ib le  th e r e f o r e ,  
t h a t  in  th e  a lk a l in e  h y d ro ly s is  o f  th e  v in y lp h o  sphonium s a l t  in te rm e d ia te  a  
s t e r i c  e f f e c t  by th e  t - b u t y l  group w i l l  p re v e n t m ig ra tio n  o f  th e  2 - fu ry  1 group 
to  th e  oC -carbon , th u s  r e s u l t i n g  in  th e  lo s s  o f  fu ra n  to g iv e  th e  p - s t y r y l ­
pho sph ine  o x id e . I t  v/ould th e r e f o r e  seem re a s o n a b le  to  p ro p o se  th a t  a  s im i la r  
s t e r i c  e f f e c t  i s  e x e r te d  by th e  1-m e th y l group o f  th e  2-(1 -m e th y Ip y rro ly 1) 
s u b s t i tu e n t s ,  w hich a ls o  se rv e s  to  p re v e n t h e t e r o a r y l  m ig ra tio n .
CH
(xxxvn)
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(XXXIV)
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4 ^ -C  H ‘
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P__C H --C > H ^ J>
(XLI)
In order to fu rth er  in v e s t ig a te  s t e r ic  e f fe c t s  in  th e .W ittig  rea ctio n s o f
phosphonium s a l t s ,  the rea ctio n s "between o~tolylphosphonium s a l t s  and benzal-
32dehyde in  a lco h o lic -a lk o x id e  media have been studied . Thus the reaction  
between m ethyldiphenyl-(o-tolyl)phosphonium  iodide (XXXVII) and benzaldehyde 
in  eth an o lic  sodium ethoxide g iv e s  a mixture from which diphenyl- |3 - s iy r y l-  
phosphine oxide (XXXIV) and pheny 1 - (o -1o ly  1 ) -  p -styry lp h o  sphine oxide (XXXIX) 
were is o la te d , togeth er w ith the rearrangement products 1 -(o -to ly l) -2 -p h e n y l~  
ethyldiphenylphosphine oxide (XL) and 1 ,2 -d ip h enyleth ylp h en yl-(o—to ly l)pho  sphine 
oxide (X Ll), The same .products were is o la te d  from the reaction  between 
di ph eny l - ( o - t o  l y l )  pho sphine (XXXVIIl) and styrene oxide in  e th an ol.
In the reaction  between p h en y ld i-(o -to ly l)p h osp h in e (XLIl) and styren e
70oxide"’ , a mixture o f p h e n y l- (o - to ly l) -p  -styrylphosphine oxide (XXXIX) together  
with the rearrangement products 1-(o-to ly l)-2-phenylethylphenyl~(o-to ly l)phosphine  
oxide (XLIIl) and 1 ,2 -d ip h en y leth y ld i-(o -to ly l)p h o sp h in e  oxide (XLIV) i s  formed.
(XLIl)
P — C H = C H
CH3
(XXXIX)
C H — CH P — C H—CH
(XLIIl) (XLIV)
These r e s u lt s  are a lso  important s in ce  they confirm the involvem ent o f a 
vinylpho sphonium s a l t  in  rea ctio n s between benzaldehyde and phosphoranes, and 
a lso  between triarylphosphines and styrene ox ide, which lead to rearrangement 
products. They are a lso  o f in t e r e s t  s in ce  in  addition  to the lo s s  o f  the 
leav in g  group in  the a lk a lin e  h yd ro lysis o f the pho sphonium s a l t ,  some m igration  
from phosphorus to oc-carbon ha,s taken p la c e . Thus i t  would appear th a t 
although there i s  a s te r ic  e f f e c t  exerted by the o - t o ly l  group, the e f f e c t  i s  
not s u f f ic ie n t  to demand exclu siv e  lo s s  o f the departing carbanion, as appears 
to be the case fo r  1 -m eth ylpyrroly l- and t-butylphosphonium sa .lts .
The m igration or lo s s  o f  both phenyl and o - t o ly l  groups i s  probably 
explained by the s im ila r ity  in  the s t a b i l i t y  o f the corresponding carbanions.
In ad d ition , the o - t o ly l  group may be lo s t  s in ce  a. greater r e l i e f  from s te r ic  
crowding w i l l  be obtained on the c o lla r se  o f the pentacovafLent interm ediate*
In view o f the r e s u lt s  obtained, i t  i s  not a t a l l  c lear  why o - t o ly l  system s 
migrate to some extent whereas 1-m ethylpyrrolyl systems do n o t. I t  could be 
argued th a t the ex c lu siv e  lo s s  o f the 2 -(1 -me thy Ipyrro l y l )  carbanion may be 
due to i t s  greater s t a b i l i t y  compared to the phenyl and o - t o ly l  carbanions,
•7 *ZOn the b a s is  o f  the r e s u lt s  reported by A llen e t  a l  the ex ten t o f  carbanion 
form ation, in  the tr a n s it io n  s ta te  o f  the h yd ro lysis  rea c tio n  o f phosphonium 
s a l t s ,  would appear to be the same regard less o f s t a b i l i t y .  I t  i s  p o s s ib le ,  
however, th a t carbanions o f moderate s t a b i l i t y  such as phenyl may req u ire the 
ad d ition a l s t a b i l i t y  o f  the n egative charge afforded in  the tr a n s it io n  s ta te  
o f the rearrangement, whereas fo r  carbanions o f greater s t a b i l i t y ,  such as 
2-heteroe.ryl carbanions, simple cleavage o f  the leav ing  group can occur.
CH
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In view o f  th ese  observations i t  i s  o f in te r e s t  to consider the reaction
of b e n z y ltr i-2 - ( l  -methy Ipyrro lyl)phosphonium bromide (XLY) and benzaldehyde in
eth an olic  sodium ethoxide, which proceeds w ith  formation o f the form al* W ittig
products o f  tr a n s-s tilb en e  and tr i-2 -(l-m eth y lp yrro ly l)p h osp h in e  oxide (XLVl),
On the a v a ila b le  evidence, i t  i s  not cer ta in  whether th is  rea ctio n  proceeds
v ia  the 1 normal1 W ittig  route in vo lv in g  the oxaphosphetan, or by the a lte r n a tiv e
mechanism in vo lv in g  the h yd ro lysis  o f the vinylpho sphonium s a l t .  On the b a s is
of the r e su lts  obtained from the reaction s o f  the methylphosphonium s a lt s
bearing 2 -(1 -m ethyIpyrrolyl) su b stitu en ts , however, i t  would seem l ik e ly  th at
1°the Schweizer mechanism J would be favoured.
In conclusion , the reaction s between t r i - ( 2 - thienyl)pho sphine (XLVIl) and 
diphenyl-(2-th ienyl)p hosphin e (XLYIIl) with styrene oxide have been shown-to 
proceed w ith the formation- o f  'normal* W ittig  products. As fo r  the 2 -fu ry  1—
s a lt  i s  a lso  u n lik e ly  in  th ese rea c tio n s . Thus i t  would appear th at f o l i o  wing 
the formation o f  a. phosphobetaine, the routes v ia  the oxaphosphetan and the  
vinylpho sphonium s a lt  avre com petitive. The course taken may depend upon the  
su b stitu en ts  attached to the carbon chain, but more important I s  the nature o f  
the su b stitu en ts  a t phosphorus. In cases where rapid intram olecular a ttack  a t  
phosphorus i s  favoured by the presence o f  strongly  electron-w ithdraw ing  
su b stitu en ts , the rea ctio n s proceed v ia  the oxaphosphetan. However, where 
rapid n u c leo p h ilic  attack  a t phosphorus does not take p la ce , due to the presence  
a t phosphorus o f  le s s  e lec tron egative  or bulky su b stitu en ts , the a lte r n a tiv e  
route via. the vinylpho sphonium s a lt  appears to be favoured. •
3 2
(XLVIl) (XLVIII)
27pho sphonium s a lt s  , I t  would seem th at the involvement o f a vinylpho sphonium
EXPERmEM'AL
G .l .c .  analyses were carried  out u sin g  a Pye s e r ie s  104 chromatograph, 
equipped w ith a  ^ f t  column o f Apiezon L on C e lite , and a flam e io n isa t io n  
d etecto r .
T . l . c .  separations were carried  out on a preparative sca le  u sin g  a 0*5 m  
th ick ness o f K ie se lg e l HP 256 a s  adsorbent and eth y l a ce ta te  as so lv en t.
W ittig  Reactions o f  Methylphosphonium S a l t s . — These reaction s were carried  
out in  d u p licate  according to the fo llo w in g  general procedure. The s a lt  
(0*001 mol) and fr e sh ly  d i s t i l l e d  benzaldehyde (0 1 0 6  g , 0*001 mol) in  dry 
ethanol (4  cm^) were treated  w ith eth an olic  sodium ethoxide (1 cm^) prepared 
from sodium ( 0*23 g> 0*01 mol) in  dry ethanol (10 cm^) and the r e s u lt in g  
so lu tio n  se t  a sid e  a t  room temperature, under n itrogen , fo r  14 days. The y ie ld  
o f styren e, and the amount o f unreacted benzaldehyde were then determined by 
comparison o f  th e peak area on g . l . c .  w ith a c a lib r a tio n  graph obtained under 
the same co n d itio n s. The mixture was then n eu tra lised  w ith d ilu te  hydroch loric  
a c id , and extracted  with chloroform. The ex tract was dried (NgSO,) and 
concentrated to g ive  a mixture which wan separated by preparative t . l . c . .  The 
compounds id e n t if ie d  in  the in d iv id u a l r ea c tio n s , together w ith  th e ir  y ie ld s ,  
are given  below.
I'Iethyl~2-(1 -m eth ylp yrroly l) diphenylphosphonium iodide-benzaldehyde. G .l .c .  
a n a ly s is  showed the presence o f styrene ( 5%) and unreacted benzaldehyde ( 15%) 
in  the reaction  products. A th ird  v o la t i l e  product was id e n t if ie d  a s  1 -methy 1 -  
p yrro le , by comparison w ith  authentic m ater ia l.
T hin-layer chromatography o f the concentrated chloroform ex tra ct revea led  
the presence o f sev era l minor components, togeth er w ith  a major component which 
was extracted  in to  warm methanol. Removal o f the so lven t y ie ld ed  an o i l  which 
s o l id i f ie d  on tr itu r a t io n  w ith n-hexane. The compound was r e c r y s ta l l is e d  from 
n-hexane-benzene to  g iv e  c r y s ta ls , m.p. 168° (0*16 g , 53%) which were shown to  
be tra n s-  ^ styryld iphenylphosph ine oxide (XXXIY) ( l i t . , ^  m.p. 168-169°) (Round:
C, 79*10; H, 5*85. C alc, fo r  C^H, OP: C, 78*95; H, 5*6o);T  (CDC1 ) 1*9 -  3*2 
(1711, m). The mass spectrum revealed  a m olecular ion  (m/e 304> K+) , and a
fragm entation pattern  c o n s isten t w ith trans-{3-styryldiphenylphosphine oxide. 
K e th y ltr i-2 -(  1 -m ethylpyrrolyl) pho sphonium iodide-benzaldehyde ♦ G .l .c .  a n a ly s is  
showed the presence o f  styrene ( 5%)> unreacted benzaldehyde ( 10%) and 
1-m ethylpyrrole in  the rea ctio n  product.
Sh in-layer chromatography o f the concentrated chloroform extract revea led  
sev era l minor components, together w ith a major component which was extracted  
in to  warm methanol. Removal o f  the so lven t y ie ld e d  a brown o i l  (0*22 g , 70%) 
which could not be induced to c r y s t a l l i s e ; T  (CDCl^) 2*20 -  5*25 ( 9H, m), 3*47 
-  5*95 (4H, m), and 6*14 ( 6H, s ). The mass spectrum revealed  a m olecular ion  
(m/e 310, Ii+) ,  and a fragm entation pattern  c o n s isten t with d i - 2 - (1 -methy1-  
pyrroly l) -p -styrylpho sphine oxide (XXXIIl).
The Reaction be w een  2 -( 1-Hethy Ipyrro ly l)diphenylpho sphine and Styrene Oxide.
A so lu tio n  o f 2-(1-m ethyl)pyrrolyldiphenylphosphine (XXXIl) (0*26 g , 0*001 mol) 
and styrene oxide ( 0*12 g , o * 0 0 1  mol) in  ethanol (3  cm )^ was heated under r e f lu x  
fo r  70 h. The mixture was then cooled and water added to g iv e  a brown o i l .
The mixture was extracted  w ith chloroform, and the ex tract dried (ilgSO^) ♦
Removal o f  the so lven t y ie ld ed  an o i l  which s o l id i f ie d  on tr itu r a t io n  w ith  
n-hexane. The compound was r e c iy s ta l l is e d  from n-hexane-benzene to g iv e  c r y s ta ls ,  
( 0*12 g,  40%), m.p. 168°, which were id e n t if ie d  as tra n s-p -sty ry ld ip h en y l-  
phosphine oxide (XXXTV) ( l i t . , ^  m.p. 168-169° ) •
The Reaction between T ri-2-(1-m eth ylp yrroly l) pho sphine and Styrene Oxide.
A so lu tio n  o f  tri-2-(1-m eth yIpyrroly l)p hosphine (XXXl) (0*27 g , 0*001 mol) and
Zstyrene oxide ( 0*12 g , 0*001 mol) in  ethanol (3  cm ) was heated under r e f lu x  
fo r  70 h . The m ixture was then cooled and water added to g iv e  a y e llo w  s o l id .
The compound was f i l t e r e d  and r e c r y s ta l l is e d  from n-hexane to g iv e  c r y s ta ls ,
( 0*25 g , 95% recovery ), m.p. 120° ,  which were id e n t if ie d  by comparison o f  n .m .r. 
and i . r .  spectra to be unchanged phosphine (XXXl), (m .p ..1 2 2 °).
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CHAPTER THREE
S tu d ies o f  IfcLcleoohilic Displacement in  Phosphacyl Compounds.
3.1 Introduction .
N ucleophilic  displacem ent rea ctio n s a t  phosphorus have rec e n tly  received
considerable a tten tio n  and the formal s im ila r ity  between displacem ent rea ctio n s
•&a t carbonyl and phosphacyl cen tres have been d iscussed  in  terms o f the b asic  
th e o r e tic a l concepts o f  physica.1 organic chem istry. However, w h ils t  the  
reaction  mechanisms fo r  n u c leo p h ilie  displacem ent a t  tetrahedral and tr ig o n a l  
carbon are qu ite  w e ll understood , the m echanistic d e ta i l s  fo r  displacem ent a t  
phosphacyl centres remain u n clear , sin ce  the s itu a tio n  i s  made more complex 
due to the fo llow in g: -
(a) phosphorus has av a ila b le  d- as w ell as s -  and p -o r b ita ls  o f th e same 
p r in c ip a l quantum number (3)> whereas carbon i s  only ab le to u t i l i s e  the 2 s-  
and 2 p -o rb ita ls ,
(b) the greater p o la r is a b il i ty  o f the phosphorus atom compared w ith  the carbon 
a.tom may lead to larger  ind uctive e f fe c t s  in  phosphorus compounds,
(c ) the in flu en ce o f  p f i— d/c bonding i s  not known, and i s  v a r ia b le . Since the  
energies concerned are much le s s  than p f t— PA1 bond en erg ies , conjugation  w i l l  
w ill  p lay  a much smaJLler part in  the determ ination o f  the r e a c t iv it y  o f  organo- 
phosphorus compounds, and the d if fe r e n t ia t io n  between cy (in d u ctiv e ) and
7k ( conjugative) e f f e c t s  w i l l  be p a r ticu la r ly  d i f f i c u l t ,
(d) the d if fe r e n t stereochem istry leads to greater s te r ic  e f f e c t s  fo r  phosphorus 
compounds than fo r  th e ir  carbon analogues, though th is  e f f e c t  i s  reduced by the  
greater radius o f the phosphorus atom.
* A phosphacyl centre i s  any X(y)p (=0) grouping. The term phosphacyl th erefore  
in clu d es phosphoryl, R0(0R' )P (= 0 ), phosphonyl, R0(R')P(=0), and phosphinyl,
r(r ' ) p (=o)«
O - P — o *  P 0 3  +  H 0 - h ( ^ - N 0 2  0 )
(I) (II)
O H  O
II
C H  — P — N (CH3)3C- f - Cl
,3C('C H 3)
(III) (IV)
Although d isp lacem ent re a c t io n s  a t  te t r a h e d r a l  phosphorus can proceed by
2-4a  d is s o c ia t iv e  pathway, r e l i a b ly  a u th e n tic  examples a re  few ' and la rg e ly  
confined  to phosphate d e r iv a t iv e s  where th e  in te im e d ia te  o f reduced co o rd in a tio n  
number can be s ta ib ilise d  by d e lo c a l is a t io n  as in  th e  g en era tio n  o f m etaphosphate
tz(n) from a ry l phosphates (equa tion  1 ) . In  a d d itio n , evidence h as been 
p resen ted  by Haake e t  a l^ ’ ‘ f o r  a  d is s o c ia t iv e  mechanism in  the  a c id  c a ta ly se d  
h y d ro ly s is  o f N -p-nitrophenyldiphenylphosphinam ide ( i l l )  and in  th e  s o Iv o ly s is  
of d i- te r t -b u ty lp h o s p h in y l  c h lo rid e  (IV ).
o  o  o  o
II II II IIRO— P—Cl R—P — Cl R O -P — Cl R N - P — F* I
R R  R O  R 2 N
(V) (VI) (V II) (V II I )  •
o X O
II I II II lRO— P - R  1 RO—P—OAr RS—P— R1RO RO RS
(EC) (x) (XI)
D isplacem ent r e a c t io n s  a t  te t r a h e d r a l  phosphorus w ith  n u c leo p h ile  a re ,  
however, predom inantly  b im o lecu lar and a re  f i r s t - o r d e r  in  n u c leo p h ile  and f i r s t -
o rd e r  in  phosphorus compound. These re a c t io n s  in c lu d e  th e  d isp lacem ent o f
8 ° h a lid e  ion  in  phosphonoch lo ridates (Y) and phosphinyl ch lo rides '"  (Y l) , by
10 11amine; th e  d isp lacem ent o f  h a lid e  ion  in  phosphonoch lo ridates  ’ (V ),
phosphinyl c h lo r id e s  (V i) , p h o sp h o ro ch lo rid a tes  (V II) and phosphorodiam idic 
1 2f lu o r id e s  (V II l)  by hydroxide o r  a ry lo x id e  io n , and th e  h y d ro ly s is  o f
1 t —18 16(IX ), (X;X=-S), and th io le s t e r s  (X l) by w ater o r  hydroxide io n  •
o o
e s te r s
!8
HO ✓ \ J I  18 II.-  a*p__oCH -------—> HO P/OCH ) + C H O H (2 )3 \  3 '2  3
C HO  OCH 3 3
(X II) (X III)
17 18The o b se rv a tio n  by Blumenthal e t  a l  ‘, t h a t  one atom o f L0 i s  in c o rp o ra te d
in to  th e  dim ethyIphosphate (X II l)  produced in  the  a lk a l in e  h y d ro ly s is  of
18trim eth y lp h o sp h a te  (X II) in  w ater enriched  in  0, e s ta b lish e d  th a t  the
h y d ro ly s is  re a c t io n  proceeded by way o f phosphorus-oxygen bond cleavage fo llo w in g
1 8n u c le o p h ilic  a t ta c k  a t  phosphorus (eq u a tio n  2 ) , whereas the  absence o f  "0 in
dime thylpho sp hate  (XIY) produced in  th e  a.cid ca ta ly sed  h y d ro ly s is  o f  t r im e th y l-
18phosphate (X Il) in  H„0 ’ in d ic a te d  a t ta c k  by w ater a t  carbon (eq u a tio n  5 ) .
(3)
o 9
I8 +  H / \  I® I ' /  \H p ^ C H ^ -O -P ^ C H ^  -------> CHOH +  HO-----P(OCH3) 2
(X II) (XIV)
18The absence o f  0 exchange in to  the  phosphoryl oxygen d u rin g  th e  a lk a l in e
18h y d ro ly s is  o f phosphates i s  in  c o n tra s t  to  r e s u l t s  o b ta in ed  by Bender which
e s ta b lish e d  an in te rm e d ia te  in  th e  a lk a l in e  h y d ro ly s is  o f c a rb o x y lic  e s t e r s .
1 °The s t a b i l i t y  o f p en taco o rd in a te  phosphorus compounds ' ,  however, would su.ggest
t h a t  a d d i t io n  in te rm e d ia te s  may he p r e s e n t  in  a, number o f  d isp la c e m e n t r e a c t io n s  
a t  p h osphorus. Kuch r e c e n t  i n t e r e s t  in  phosphorus ch em is try  co n ce rn s  th e  
p o s s i b i l i t y  o f  p e n ta c o o rd in a te  t r ig s n a l- b ip y r a m id a l  in te rm e d ia te s  in  s u b s t i t u t i o n  
r e a c t io n s  a t  t e t r a h e d r a l  phosphorus, and th e  q u e s tio n  o f  p s e u d o ro ta t io n .
*
h o  +  2 o
/If
H O C  H C  H O  P O O H  ( 4 )2 2 ^
^  +  H O  ( 5 )P  2
O H
The p o s s i b i l i t y  o f  th e  fo rm a tio n  o f  a  p e n ta c o o rd in a te  in te r m e d ia te ,  and
th e  p seu d o ro ta .tio n  o f  t h i s  in te rm e d ia te  i n  th e  mechanism o f  h y d ro ly s is  o f
phosphate  e s t e r s  was in tro d u c e d  by W estheim er e t  a l  i n  o rd e r  to  e x p la in  c e r t a in
ex p e rim en ta l d a ta .  I t  was o b serv ed  th a t  th e  a r id  c a ta ly s e d  h y d ro ly s is  o f  
20 18e th y le r.ep h o sp h a te  (XV) in  H^O v' (e q u a tio n s  4 and 5) p ro cee d s  by P -0  f i s s i o n
8 /  a t  a r a t e  IQ'" fp .s te r  th an  th a t  o f  th e  a r y c l i c  analogue ( tr im e th y lp h o s p h a te ,
18e q u a tio n  3)» w ith  accom panying exchange o f  0 in to  th e  p h o sp h o ry l bond, and
21t h a t  th e  a c id  ca ta .ly sea  h y d ro ly s is  o f  m e th y le th y len e p h o sp h a te  (XVl) ( e q u a t io n s
66 and 7 ) ta h e s  p la c e  1C tim es  f a s t e r  th a n  tha .t o f  tr im e th y lp h o  s p h a te ,  and i s
accom panied by clea.va.ge o f  th e  m ethoxyl g ro u p . S im ila r  r e l a t i v e  r a t e s  w ere
ob served  f o r  th e  c o rre sp o n d in g  a lk a l in e  h y d ro ly s is  r e a c t io n s ,  b u t in  c o n t r a s t
18to  th e  a c id  c a ta ly s e d  h y d ro ly s e s , ~0 exchange in to  th e  p h o sp h o ry l bond o f  th e
20u n re a c te d  e th y len ep h o sp h a te  was n o t  observed  , and th e  h y d ro ly s is  o f  m e th y l- 
21e th y le n e  p hosphate  took  p la c e  w ith  e x c lu s iv e  r in g  o p en in g .
oH O  +
2 c ^ P\  ^  ° oc H
(x v i)
6  P  +  CHOH 
J > p  3
o '  V , H
(30JO o  
II HOCHCHOPOCH2  2  3
O l
(6)
(7 )
(70%) >H
20 22V /estheim er p r o p o s e d ~  th a t  a lth o u g h  r in g  s t r a i n  may a cc o u n t f o r  th e
enhanced r a t e  o f  h y d ro ly s is  o f  c y c l ic  p h o sp h a te s , w hich p roceed  w ith  r i n g
o pen ing  (and hence th e  r e l i e f  o f  s t r a i n  a s  a  r e s u l t  o f  th e  h y d r o ly t ic  r e a c t i o n ; ,  
1 ^th e  exchange o f  ^0 in to  unchanged e th y le n e p h o sp h a te  ( in  w hich s t r a i n  i s  s t i l l  
p re s e n t)  (e q u a t io n  5;» and th e  r a p id  h y d ro ly s is  o f  m e th y le th y 1enepho sp h a te  
w hich ta k e s  p la c e  e x te r n a l  to  th e  r i n g  (e q u a tio n  6 ) ,  su g g e s ts  t h a t  a  mechanism 
e x i s t s  .in w hich r in g  s t r a i n  i s  r e l i e v e d  in  th e  t r a n s i t i o n  s t a t e .  Thus th e  
h y d ro ly se s  p roceed  by way o f  a  t r i g o n a l  b ipyram id  in  which th e  r i n g  i s  
c o n s tra in e d  to  span one a p ic a l  and one e q u a to r ia l  p o s i t io n ,  a l lo w in g  a  0 —F — 0
bond an g le  o f  90 and r e l i e f  from a n g u la r  s t r a i n .
+
(XV I)
C K O —
(XVII)
+
H O  O H
+
C H O -  ...3 / V
H O  OH
(XIX)
Jf
d T } )  +  H+  +  c h 3o h
(x v i i i )
+
O  O H(xv)
Scheme I
22I t  was su g g es ted "  t h a t  in  th e  a c id  c a ta ly s e d  h y d ro ly s is  o f  m e th y le th y le n e -  
p h osphate  (XYl) to  p roduce m ethanol and e th y len eh y d ro g en p h o sp h a te  (XY)
(Scheme l ) ,  w a te r  adds to  th e  m olecu le  to  occupy pm  a p ic a l  p o s i t i o n  in  a  
t r i g o n a l  "hipyramid (X Y Il). In  o rd e r  t h a t  th e  m ethoxyl group may le a v e  from  an 
apica.1  p o s i t i o n ,  th e  mechanism must in v o lv e  p s e u d o ro ta t io n  o f  th e  t r i g o n a l— 
b ip y ra m id a l in te rm e d ia te ,  ana lo g o u s to  th e  p s e u d o ro ta t io n  th a t  h a s  been
23 r-ip o s tu la te d  to  e x p la in  th e  r a p id  in te rc h a n g e  o f  f lu o r i n e  atom s In  PF^ and 
The s h i f t  o f  th e  n rn to n  p ro d u ces  an e q u a to r ia l  w a te r  m olecu le  w hich  can se rv e  
a s  a " p iv o t"  f o r  p s e u d o ro ta t io n . The p s e u d o ro ta t io n  p la c e s  th e  m ethoxyl group  
in  th e  a p ic a l  p o s i t io n  o f  a  second t r i g o n a l  b ipyrem id  (XXX), and a f t e r  a  p ro to n  
s h i f t ,  th e  m ethano l m o lecu le  can le a v e  from  t h i s  a p i c a l  p o s i t i o n .  In  b o th  th e  
t r i g o n a l  b ip y ram id s (X Y IIl) and (XIX), th e  f iv e  membered r i n g  sp an s one a p i c a l  
and one e q u a to r ia l  p o s i t io n  w ith  reduced  r in g  s t r a i n .  The c o r re sp o n d in g  
h y d ro ly s is  w ith  r in g  o pen ing  can o ccu r from  th e  o r i g i n a l  t r i g o n a l  b ipy ram id  
(XYIl) w ith  a  p ro to n  s h i f t ,  b u t w ith o u t p se u d o ro ta tio n *
Q  Q
c f  ^ b c  h  d *  \ c h2 5 2 5
(XX) (XXI)
O
C2H5 \ "s P y  c; p — o c  h
^  o c  h  R2 5(XXII) (X X III)
2AIn  co n n ec tio n  w ith  t h i s  th e o ry , V estheim er e t  a l  ‘ o b serv ed  t h a t  f l v e -  
membered c y c l ic  p h o sp h in ic  a c id  e s t e r s  (XX), (XXl) and (XXIl) undergo  a c id  and 
a lk a l in e  h y d ro ly s is  a t  r a t e s  com parable to  th o se  o f  t h e i r  open c h a in  ana.logues 
(X X III; P. = GHp=:CH, GEg^CH* GF^) • I t  v/as th u s  su g g es ted  r t h a t  r e l i e f
from a n g u la r  s t r a i n  in  fo rm ing  a tr ig o n a l-b ip y ra m id a l  in te rm e d ia te  f o r  th e  
h y d ro ly s is  o f  (XX), (XXl) and (X XIl) i s  i n s u f f i c i e n t  to  p la c e  an a l k y l  group
in  an ap ica l p o s it io n , w h ils t  angle s tra in  prevents p lacin g  the r in g  in  a 
d iea u a to ria l p o s it io n . Although n eith er  o f  these interm ediates i s  forbidden  
the formation o f e ith e r  w i l l  n e c essa r ily  be accompanied by an in crease  in  
energy. Thus i t  would appear tha t w ith phosphorus compounds, a strong preference  
ob ta in s fo r  p la c in g  oxygen in  ap ica l p o s it io n s  and a lk y l groups in  the eq u atoria l 
p o s it io n s  o f a tr ig o n a l bipyranid; the r e s tr ic t io n s  p a r a lle l those discovered  
by Schm utzler^ fo r  the stru ctu res o f  s ta b le  a,Ikylfluorophosphoranes
where a lk y l groups occupy equatoria l p o s it io n s .
O'
C H O  P.3
■ch2
/CH
.C H
H 2
OH
+
(XXIV)
Sim ilarly  pseudorotation o f  the tr ig o n a l bipyramid (XXIV) formed from methyl—
propylphostonate by the add ition  of water and a proton must be e n e r g e t ic a lly
unfavourable, s in ce  the methoxyl group cannot assume an a p ica l p o s it io n  in  a
s itu a tio n  a llow in g  the r in g  to occupy a p ica l-eq u a to r ia l p o s it io n s . H ydrolysis  
22thus occurs w ith rin g  opening and reten tio n  o f  the methoxyl group in  the  
product.
o
II ^-P—OC H
R
R
O  
\ l l  > P — OCH
/  3
(XXV) (XXVI)
Kaake e t  a l  observed the a lk a lin e  h y d ro lysis  o f m ethyl-2,2,3,4>zi-P e '^fcanie'thyl-
26trim ethylenephosphinate (XXV) to proceed w ith displacem ent a t phosphorus a t
26a ra,te • comparable to the much le s s  hindered methyIdiethylpho sphinate (XXVI;
CR = ^H^.) and 10 fa s te r  than the s im ila r ly  su b stitu ted  (but probably more 
hindered) m eth yld i-t-bu ty lph osp hin ate^  (XXVI; R = (CH^)^C). I t  was su ggested *^ ^
HO
OCH
that th is  r e su lt  supported the involvement o f a pentacoordinate interm ediate  
in  the reaction , on the b a sis  th a t in  reaction s, proceeding through a penta­
coordinate in term ediate, r in g  stra in  can be re liev ed  in  the interm ediate, 
lead ing to an increased  rate  o f  rea ctio n . Reactions which proceed via, a d ir e c t  
displacem ent mechanism, however, must pass through a tr a n s it io n  s ta te  in  which 
the en terin g  and lea v in g  groups are co lin ear  w ith phosphorus, and in  th is  case  
ring s tr a in  causes a decreased ra te  o f rea c tio n .
o  OH
R\  I KJ>P O — R PO- H- CH OH (8)W  I 2  2  3
R X  OCH 3
(XXVI) (XXVIl)
28 29A dditional, more d ir e c t ,  evidence fo r  an a sso c ia tiv e  interm ediate *
(XXVIl) was obtained from the a lk a lin e  h yd rolysis  o f  m ethyldiisopropylphosphinate
(XXVI: R = (CH?) CH), in  which an induction period was observed to precede good ✓ 28 29second-order k in e t ic s .  This r e su lt  was in terpreted  * '  as in d ic a tin g  the  
accumulation o f  the oentacoordinate interm ediate (XXVII; R = (CH ) 0CH) and 
rate-determ ining breakdown o f  the interm ediate to products. The k in e t ic  
observation o f  a p o ss ib le  interm ediate was a ttr ib u ted  to the s t e r ic  e f f e c t  o f  
the isopropyl su b stitu en ts , which would decrease , because o f  OH-isopropyl 
in tera c tio n s  in  the tr a n s it io n  s ta te . The ra te  o f  generation o f  ( XXVII;
R = (CHt) 0CE) would thus be slower than fo r  l e s s  hindered nhosnhinates. In
j  ^  ~
the f u l ly  formed interm ediate ( XXVII; R = (CH^gCH) the 120° C —P—C angle  
enables r e l i e f  o f  s te r ic  in tera c tio n s  between the two isopropyl groups, which 
are te trah ed ra lly  d isposed in  the ground s ta te , and thus amounts o f  (XXVII;
R = (CH^JgCH) present a t equilibrium  should be greater  fo r  m ethyld iisopropyl­
phosphinate than fo r  other le s s  hindered phosphinate e s te r s . The in d uction  
period may therefore be due to the combination o f  the k in e t ic a l ly  slower
formation o f the interm ediate and the need to accumulate more interm ediate
before second-order k in e t ic s  can be observed.
D espite the proposed rate-determ ining breakdown o f the interm ediate to
18products, Eaake et a l  did not observe 0 exchange in to  the phosphinyl bond
28 50 13during the a lk a lin e  h yd ro lysis  of a s e r ie s  of pho sphinate e s te r s  * in  E^ O
28enriched so lv en ts . I t  was thus suggested th a t sin ce  displacem ent a t
phosphorus appears to require tha t groups enter and leave a t a p ica l p o s it io n s
18o f a tr ig o n a l bipyramid, the lack o f 0 exchange in to  th ese  compounds i s  
evidence fo r  a high barrier  to any process which would make 0 and OH equivalent 
in  (XXVII).
CH- 6  5
OI I-P- ■ C H C H  2 6  5
C6H5
( x x v iii)
C H
C HC H.
5 OH
(XXIX)
CHCH 2  6  5
— O "
CH 6  5 Oh
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C6 H5C H 2 '
HO
C6H5
■O
CH 6  5
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18,
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C H 2C6H5
•C H
6  5
C6H5
( x x x ii)
Thus the lack o f 0 exchange into  phosphinaie e s te r s  during the a lk a lin e
hyd rolysis reaction  may be ra tio n a lized  by the geometry o f  the in term ediate
(XXVTl), in  which OH and the leav in g  group occupy a p ica l p o s it io n s  and the 0
occupies an equatorial p o s it io n , since the more e lec tro n eg a tiv e  atoms appear to
51occupy ap ica l p o sitio n s  in  phosphoranes. Eaake thus suggested tha t the 
a lk a lin e  h yd rolysis o f  a pho sphine oxide (XXVIII) may take p lace  w ith an
accom panying ^0 exchange. I t  was c o n s id e re d  t h a t  s in c e  th e re  a re  th r e e  P-C
bonds, i t  i s  p o s s ib le  t h a t  th e  p r e f e r r e d  geom etry o f  an a d d i t io n  in te rm e d ia te
would have OH and 0~ in  a p i c a l  p o s i t io n s  a s  in  (XXIX), and r a p id  p ro to n  t r a n s f e r
would th e n  cause  i d e n t i t y  o f  th e  oxygen a tom s. F u rth erm o re , a  mechanism o f
d i r e c t  d isp la c e m e n t cou ld  be r e je c te d  on th e  assum ption  t h a t  th e  ben zy l an io n
would be re a s o n a b ly  d i f f i c u l t  to  d is p la c e  from  b en zy ld ip h en y lp h o sp h in e  o x id e
(XXVTIl). The a lk a l in e  h y d ro ly s is  o f  (XXVIIl) in  homogeneous s o lu t io n  
18c o n ta in in g  H O , however, was observed  to  p roceed  w ith  th e  in c o rp o ra t io n  o f
one so lv e n t oxygen in to  th e  r e s u l t i n g  pho sp h in a te  an ion  and n e g l ig ib l e  exchange
in to  u n re a c te d  (X X V IIl). Thus, i f  a  sym m etrica l in te rm e d ia te  such  a s  (XXIX;
e x i s t s  a lo n g  th e  rea .c tio n  pathw ay, th e  c o l la p s e  to  p ro d u c ts  m ust ta k e  p la c e  a t
l e a s t  200 tim e s  f a s t e r  th a n  to  r e a c t a n t s .  Eaake p roposed  two p o s s ib le
e x p la n a tio n s ,  ( i )  t h a t  0 may be th e  p iv o t  atom f o r  p s e u d o ro ta t io n .  Cfo th e
32 -b a s is  o f  e le c t r o n  re p u ls io n  th e o ry  , th e  0 would be s tro n g ly  e l e c t r o n -  
r e p e l l i n g  and p o s s ib ly  occupy a, p o s i t io n  where i t  i n t e r a c t s  l e a s t  w ith  th e  
o th e r  l ig a n d s  and bonding e le c t r o n s .  T h e re fo re , th e r e  should  be a  s tro n g  
p re fe re n c e  f o r  th e  0 atom to  be e q u a to r ia l  in  a  t r ig o n a l-b ip y ra m id a l  geom etry  
a s  in  (XXX); and th e r e  should  be a  c o n s id e ra b le  b a r r i e r  to  p s e u d o ro ta t io n  u n le s s  
0 i s  th e  p iv o t  g roup . I f  0 must be th e  p iv o t  and (XXX; i s  p r e f e r e n t i a l l y  
form ed, th e  o n ly  p o s s ib le  pseudo r o t  action would y ie ld  (XXXl). T h is  would have
a  h ig h  energy  geom etry , and i t  i s  p o s s ib le  t h a t  i t  would n o t  be form ed r a p id ly
18 —enough to  a llo w  0 exchange. A l te r n a t iv e ly ,  th e  p re sen ce  o f  0”  may cau se
s u f f i c i e n t  d i s t o r t i o n  in  a  p e n ta c o o rd in a te  geom etry to  make th e  i d e n t i t y  o f  OH 
and 0 im p o ss ib le ; ( i i )  w ith  th e  s tro n g  a c t i v i t y  o f  OH n e c e s s a ry  to  e f f e c t  
d isp la cem e n t in  (X X Y IIl), th e  p redom inan t s t a t e  o f  io n i s a t io n  o f  th e  a d d i t io n  
in te rm e d ia te  may be (XXXIl). I f  so , lo s s  o f  b en zy l may be f a s t  com pared w ith  
th e  r e v e r s a l  to  (XXYIIl) even i f  (XXXIl) i s  re a so n a b ly  s t a b l e  and th e  oxygens 
ane e q u iv a le n t .  I f  t h i s  w ere th e  c a s e , p ro v id in g  (XXXIl) i s  p red o m in an t and 
th e  a d d i t io n  o f  OH* to  (XXYIIl) i s  r a te -d e te rm in in g ,  th e  o b se rv ed  k i n e t i c s  w i l l
s t i l l  be f i r s t  o rd e r  in  OH.
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F in a l ly  Eaake e t  a l  observed  th e  a c id  c a ta ly s e d  h y d ro ly s is  o f  pho s h in -  
am ides (XXXIIl) to  p roceed  10^ f a s t e r  th a n  th e  co rre sp o n d in g  benzam ide. The 
r e a c t io n  was c o n s id e re d  to  in v o lv e  r a te -d e te rm in in g  n u c le o p h i l ic  a t t a c k  by 
w a te r  a,t phosphorus in  th e  phosphinam ide w hich i s  p ro to n a te d  on th e  n i t r o g e n  
atom , and a  mechanism o f  d i r e c t  d isp la c e m e n t ex c lu d in g  th e  fo rm a tio n  o f  a  
pen ta ro  v a le n t  in te rm e d ia te .
33In  c o n t r a s t  th e  a lk a l in e  h y d ro ly s is  o f  phosphinam ides " p ro ceed ed  s low ly
18w ith  r a t e s  s im i la r  to  c a rb o x y lic  am ides, and w ith  a  sm a ll amount o f  0
18exchange in to  u n h y d ro ly sed  am ide in  s o lv e n ts  en rich ed  w ith  H^O • A mechanism
(e q u a tio n  9) was su g g es ted  in v o lv in g  in te rm e d ia te s  o f  trigonaH L -b ipyram idal
geom etry . Thus due to  p o l a r i t y  e f f e c t s  (XXXIY) would be expec ted  to  be form ed
i n i t i a l l y .  H y d ro ly s is  r e q u i r e s  a  p ro to n  t r a n s f e r  to  gen era ,te  (XXXV) w hich
would decompose to  p ro d u c ts  more r e a d i ly  th a n  (XXXIV) would decompose to
s t a r t i n g  m a te r ia l s ,  s in c e  i s  a  b e t t e r  le a v in g  group th a n  OH , and th u s
18k ^ > k   ^ • A l te r n a t iv e ly  ~0 exchange in to  th e  amide r e q u i r e s  b o th  p ro to n
t r a n s f e r  and pseudo r o t a t i o n  f o r  (XXXIV)—* (XXXVl). The la rg e  r a t i o  o f
h y d ro ly s is  to  exchange (k (h y d ro ly s is ) /k (  exchange) = 70) was e x p la in e d  by th e
f a c t  t h a t  k^)>k ^ , and a ls o  t h a t  th e re  i s  p o s s ib ly  a  b a r r i e r  to  pseudo r o t a t i o n ,
18a s  in d ic a te d  by th e  la c k  o f  “0 exchange o b se rv ed  in  th e  a l k a l in e  h y d ro ly s is
18o f  u h o sn h in ic  a c id  e s t e r s  in  s o lu t io n  e n ric h e d  in  0 .
33Eaake e t  a l  su g g e s te d ' th e  p o s s i b i l i t y  o f  a  co n tin u o u s  spectrum  o f  
mechanisms f o r  r e a c t io n s  a t  pho sp h o ru s, r a n g i n g  from  r e a c t io n s  p ro c e e d in g  
th ro u g h  a  s t a b l e  in te rm e d ia te  produced by a s s o c ia t io n  o f  n u c le o p h ile  w ith  th e  
s u b s t r a te ,  to  u n im o lo c u la r  d i s s o c ia t io n  o f  th e  le a v in g  g roup . The fo rm er 
extrem e in v o lv e s  c a se s  w here one h as  a  poor le a v in g  group, and th e  in te rm e d ia c y  
o f  a  p e n ta c o o rd in a te  s p e c ie s  i s  ad v an tag eo u s to  th e  pathw ay o f  lo w est en erg y  
betw een r e a c t a n t s  and p ro d u c ts .  The l a t t e r  ex trem e in v o lv e s  a  s p e c ie s  so 
r e a c t iv e  t h a t  th e  le a v in g  group d i s s o c i a t e s  in  a u n in o le c u la r  r e a c t io n ,  s in c e  
th e  a c t iv a t io n  energy  f o r  th e  fo rm a tio n  o f  a  p e n ta c o o rd in a te  s p e c ie s  i s  p o s s ib ly  
h ig h e r  th an  th e  a c t iv a t io n  energy  f o r  th e  u n im o le c u la r  r e a c t io n .  I t  i s  a l s o  
re a so n a b le  t h a t  th e re  shou ld  be a  mechanism in te rm e d ia te  betw een th e s e  two 
ex trem es.
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As a  c r i t e r i o n  o f  w hether th e  mechanism o f  a  r e a c t io n  a t  pho sp h o ru s  wa.s a
d i r e c t  d isp la cem e n t o r  in v o lv ed  an in te rm e d ia te  v :ith  s u f f i c i e n t  s t a b i l i t y  to  be
7d e te c te d ,  Haake suggested* a  com parison o f  r e l a t i v e  r a t e s  o f  s u b s t i t u t i o n  o f  
s t r a in e d  c y c l ic  tr im e th y le n e p h o sp h in a te s  (XXXVIl), and u n s t r a in e d  a c y c l ic  
an a lo g u es  (XXXVIIl). The a v a i l a b i l i t y  o f  a  °0 °  C—P —-C an g le  in  a  p e n ta -  
c o o rd in a te  in te rm e d ia te  and th e  p o s s i b i l i t y  o f  p s e u d o ro ta t io n  e n a b le s  a  s t r a in e d  
r i n g  to  cause  r a t e  a c c e le r a t io n  i f  an in te rm e d ia te  i s  in v o lv e d ; b u t i n  d i r e c t  
d isp la c e m e n t th e  s t r a in e d  r i n g  should  cau se  r a t e  re ta .rd a .tio n , b eca u se  o f  th e  
need to  expand th e  G—P —G r i g h t  an g le  in  th e  t r a n s i t i o n  s t a t e .  Thus w h i l s t  
(XXXVII; X = OCH^) u n dergoes a lk a l in e  h y d ro ly s is  more r a p id ly  th a n  th e
d llso o ro n y lo h o s 'D h in a te  (XXXVIII; X = OCH_)^ in d i c a t in g  an a s s o c i a t i v e  i n t e r -3
m e d ia te , th e  r e d u c t io n  in  th e  r a t e  o f s o lv o ly s i s  o f  th e  p h o sp h in y l c h lo r id e
( XXXVTI; X = Cl) and the acid  catalysed  h yd ro lysis o f  the amide (XXXVII;
X = compared w ith the a c y c lic  analogue ( XXXVIIl; X = Cl, l^CE^Jg)
i s  in d ic a tiv e  o f  a d ir e c t displacem ent w ith entering and lea v in g  groups co lin ea r
7w ith phosphorus. A dditional evidence in v o lv in g  the r a te s  o f s o lv o ly s is  o f  
2 ,2 ,3>4>4-pentamethyltrimethylenephosphinyl ch loride ( XXXVIl; X = Cl) in  
so lv en ts  o f  approximately equal io n is in g  power hut v a s t ly  d if fe r in g  n u cleo-  
p h i l i c i t y  was presented to support th is  theory.
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(XL) (XLl)3AT rippett e t  a l  * presented an a lte r n a tiv e  explanation which assumed th at  
a l l  such su b stitu tio n s  involve the formation o f an interm ediate (XXXIX) in  
which the 4-Qembered r in g  i s  a p ica l-eq u a to r ia l. In comparison w ith the sim ila r  
s itu a tio n  o f  an a c y c lic  compound (XL) which in v o lv es  an interm ediate (X L l), 
the su b stitu tio n  o f  the phosphetan e s ter  i s  accelerated  by r e l i e f  o f r in g  s tr a in  
in  (XXXIX) but i s  re ta rd ed ^  by the fa c t  th a t whereas (XLl) lias two e le c tr o ­
n egative  groups in  a p ic a l p o s it io n s , (XXXIX) ha,s only one. The more
electron egative  i s  X ( i . e .  in  gen era l,, the b e tte r  i t  i s  as a leav in g  group) the
+
greater w i l l  be th is  retard ation  and when X = Cl or the n e t e f f e c t  •
(when compared with the a c y c lic  analogues) i s  a retard ation . With the l e s s
e lectron egative  ethoxy group, the e f fe c t s  alm ost balance.
Furthermore, the co lin e a r  theory fo r  su b stitu tio n s  o f (XXXVIl; X = C l,
l^CH^g) p red ic ts  that such su b stitu tio n s  w i l l  in vo lve  in version  o f  con figu ration
■zca t phosphorus, in  contrast to the re ten tio n  observed w ith (XXXVIl; X = OCH^ ) 
and ( XXXVIl; X = • However, the reaction  o f  (XXXVIl: X = Cl) w ith
^6 y7p h e n v l- l i th iu m  i s  known'' to  p roceed  w ith  r e t e n t io n  o f  c o n f ig u ra t io n  a t  
phosphorus, and i f  one assum es th a t  th e  c o rre sp o n d in g  r e a c t io n  w ith  b e n z y l-  
l i th ru m  has th e  same s te re o c h e m is try ,  th e n  th e  r e a c t io n s  shown in  Scheme I I  
e s t a b l i s h  t h a t  r e a c t io n s  o f  th e  c h lo r id e  (XXVII; X = C l) w ith  a n i l i n e  and w ith  
I T - l i th io a n i l in e  a ls o  in v o lv e  r e t e n t io n  o f  c o n f ig u ra t io n  a t  p h o sp h o ru s.
PhNH,
o r  PhNHLi
NHPh
CH Ph
Hany phosphorus a c id  e s t e r s  a r e  o f  g r e a t  im portance  in  b io l o g ic a l  c h e m is try , 
and th e  e x is te n c e  in  l i v i n g  m a t te r  o f  su g a r p h o sp h a te s  and p h o s p h o ru s -c o n ta in in g  
l i p i d s  and n u c le ic  a c id s  has been known f o r  n e a r ly  a  c e n tu ry . A f u r t h e r  
s tim u lu s  f o r  th e  in v e s t ig a t io n  o f  phosphorus compounds, how ever, i s  th e  t o x i c i t y  
o f  c e r t a i n  phosphorus a c id  e s t e r s  and t h e i r  p o t e n t i a l  u s e  a s  p e s t i c i d e s .
o
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The in s e c t i c i d a l  a c t io n  o f  o rganophosphorus compounds i s  g e n e r a l ly
a t t r ib u t e d  to  th e  in h i b i t i o n  o f  s e v e r a l  e s t e r - s p l i t t i n g  enzymes p r e s e n t  in  
38l i v i n g  o rgan ism s • They a r e  p a r t i c u l a r l y  e f f e c t i v e  a g a in s t  c h o l in e s te ra .s e
w hich h y d ro ly se s  th e  a c e ty lc h o l in e  g e n e ra te d  in  m yoneural ju n c t io n s  d u r in g  th e  
tra n s m is s io n  o f  m otor commands from  th e  c e n t r a l  n e rv o u s  system  to  v i t a l  m u sc les  
and o rg an s in  th e  body. The a c e ty lc h o l in e  (X L Il) i s  r e le a s e d  by an in com ing
s tim u lu s  from th e  c e n t r a l  n e rv o u s  system , to  s t im u la te  e i t h e r  an o rgan  e f f e c t  
o r  i n i t i a t e  e v e n ts  le a d in g  to  a  f r e s h  im p u lse . I f  a c e ty lc h o l in e  w ere allow ed  
to  p e r s i s t  i t  would c o n tin u e  th e  s t im u la t io n  and d e s tro y  th e  r e q u ire d  
p r o p o r t i o n a l i t y  betw een in p u t  s tim u lu s  and e v e n t. In  p r e n t i c e ,  th e  a c e ty lc h o l in e  
i s  p rom ptly  d e s tro y e d  by c h o l in e s te r a s e ,  th e  enzyme w hich i s  p r e s e n t  in  a  la rg e  
e x c e ss . I f  th e  c h o l in e s te r a s e  should be p rev en ted  from  a c t in g  ( e . g .  by 
i n h i b i t i o n  by an a n t i c h o l in e s t e r a s e  a g e n t)  a c e ty lc h o l in e  w i l l  accu m u la te , 
c a u s in g  e x c e ss iv e  s t im u la t io n  and f i n a l l y  com plete d is r u p t io n  o f  th e  c h o l in e r g ic  
system .
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In  th e  f i r s t  in s ta n c e ,  n u c le o p h i l ic  a t t a c k  on th e  ph ospho rus atom by a  
h ig h  e le c t r o n  d e n s i ty  p o r t io n  o f  th e  enzyme ta lces p la c e  tc  produce th e  a lk y l -  
pho sp h ate  e s t e r  (X L IIl)  ^ . The fo m a ,tio n  o f  t h i s  e s t e r  i s  r e v e r s i b l e ,  b u t 
d ep h o sp h o ry la tio n  o f  th e  enzyme i s  slow in  com parison w ith  th e  p h o sp h o ry la /tio n  
s te p  (e q u a t io n  12) and in h ib i te d  enzyme a cc u m u la te s . Enzyme a c t i v i t y  n ay  be
re c o v e re d , however, by n u c le o p h i l ic  a t t a c k  w ith  compounds such  a s  hydroxylam ine
41 42and oxim es r • A l te rn a t iv e ly ,  d e a lk y la t io n  o f  th e  enzym e -p h o sp h a te  may o c c u r ' ,
4^a  p ro c e s s  known a s  a g e in g 1^ , and th e  c o v a le n t l in k  betw een th e  enzyme and 
u h o so h a te  i s  s t a b i l i s e d .
40
/ = \  1 1 /  2 5£ > ° - \
X OC H2  5
(XL IV)
On th e  b a s i s  o f th e  pronosed  mechanism i t  i s  a p p a re n t t h a t  th e  enzyme- 
i n h i b i t i n g  a b i l i t y  o f  th e  organophosphorus compound i s  r e l a t e d  to  th e  l a b i l i t y  
o f  th e  P— X bond. T h is  i t  becomes p o s s ib le  to  c o r r e l a te  s t r u c t u r e  and r e a c t i v i  
Fukuto and M e tc a l f ^  observed  th e  c o n ta c t  t o x i c i t y  (LIL^) f o r  th e  common 
h o u s e f ly ,  g reenhouse t h r i p s ,  and c i t r u s  re d  m ite ,  and th e  m o lar c o n c e n tra t io n  
f o r  in h i b i t i o n  ( l cn ) o f  f l y - b r a i n  c h o l in e s te r a s e  f o r  a  s e r i e s  o f d i e t h y l  
s u b s t itu te d -p h e n y lp h o sp h a te s  (XI,IV) • These p r o p e r t i e s  w ere th e n  compared w ith  
th e  l a b i l i t y  o f  th e  P -O -arom atic  bond a s  m easured by th e  r a t e s  o f  a l k a l in e  
h v ^ ro ly s is  o f  th e  p h o sp h a te , in f r a r e d  s t r e t c h in g  freq u en cy  o f  th e  P -O -a ro m atic  
bond, and th e  Hammett sigma (cr) v a lu e s  o f  th e  s u b s t i tu e n ts  on th e  phen y l r i n g .  
E xam ination o f  th e  d a ta  re v e a le d  th e  d eg ree  o f  i n h ib i t i o n  (1™ ) a  d i r e c t
fu n c tio n  o f  th e  e le c tro n -w ith d ra v in g  c a p a c i t i e s  o f  th e  s u b s t i t u e n t s  on th e  
benzene n u c le u s .  Thus a. p lo t  o f - l o g  I_ n a g a in s t  Hammetts O' c o n s ta n ts  f o r  
th e  s u b s t i tu e n ts  re v e a le d  t h a t  m ost o f  th e  p o in t s  la y  a lo n g  a  s t r a i g h t  l i n e ,  
w ith  - l o g  I Cq in c r e a s in g  w ith  in c r e a s in g  v a lu e s  o f  o* A s im i la r  c o r r e l a t i o n  
was a lso  observ ed  f o r  th e  r a t e s  o f  a lk a l in e  h y d ro ly s is  o f  th e  p h o sp h a te  e s t e r s ,  
and a  s t r a i g h t  l i n e  p l o t  o f  lo g  k ( h y d ro ly s is )  a g a in s t  Hammetts* s u b s t i tu e n t  
c o n s ta n ts  was o b ta in e d , s u g g e s tin g  th e  c h o l in e s te r a s e  I n h ib i t io n  and th e  r a t e s  
o f  a lk a l in e  h y d ro ly s is  to  be i n t e r r e l a t e d .  The d eg ree  o f  i n h i b i t i o n  ( - l o g  I^ q) 
was a ls o  found to  be l i n e a r l y  r e l a t e d  to  th e  P -O -arom atic  i n f r a r e d  s t r e t c h i n g  
fre q u e n c y , f u r t h e r  s u g g e s tin g  t h a t  c h o l in e s te r a s e  i n h i b i t i o n  by ph o sp h o ru s 
compounds i s  dependen t upon th e  e l e c t r o n i c  c h a r a c te r  o f  th e  s u b s t i tu e n t  in  th e  
p heny l r i n g  and i t s  e f f e c t  upon th e  l a b i l i t y  o f  th e  P -O -a rom atic  bond, A p l o t  
o f  lo g  LDp-0 a g a in s t  - l o g  1 ^  r e v e a le d  t h a t  f a c t o r s  o th e r  th a n  th e  l a b i l i t y  o f
the P—X bond are a lso  important in  the determ ination o f the to x ic i ty  o f
phosphate e s t e r s .  For example, the ra te  o f  ch o lin estera se  in h ib it io n  o f
*5* .
diethyl-(m -dim ethylaininophenyl)phosphate m ethiodide (XLIV; X = I  )
and d i  e th y l-  ( p-ne thy hner c ap t  opheny 1} pho sphat e met ho sulphate (XLIV; X = p-SCCH^)  ^
CE^ SO^  ) gave a good co rre la tio n  w ith Hammett ( j  va lu es but a low contact . 
to x ic ity  was observed. I t  was thus suggested th a t penetration  through the  
in s e c t  c u t ic le  i s  an important fa c to r  and .tha t polar compounds (io n s) are poor 
in  th is  r e sp e c t. Moderate s t a b i l i t y  to  aqueous h yd rolysis i s  another fa c to r  
which must be considered, and the low to x ic ity  o f  d ie th y l-(2 ,4 -d in itr o p h e n y l) -  
phosphate i s  probably due to the hyd ro ly tic  degradation before reaching the  
reaction  s i t e .
The re la t io n sh ip  between the rate  o f a lk a lin e  h yd rolysis  o f  phosphate 
e s te r s  and the ra te  o f  ch o lin esterase  in h ib it io n  had a lso  been demonstrated by' 
Aldridge e t  a l  , who fo r  a s e r ie s  of d ie th y l substituted-phenylphosphates  
observed a lin e a r  co rre la tio n  between the logarithm o f the bim olecular ra te  
constant fo r  ch o lin estera se  in h ib it io n  and the logarithm o f  the h y d ro ly sis  
con stan t, im plying th a t rea c tio n s  between n u c leo p h ilic  reagents and enzymes 
w ith phosphate, proceed by a sim ilar  mechanism.
; p — o N Q
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As; an extension  to the stu d ies  o f the s tr u c tu r e -a c t iv ity  r e la t io n sh ip  o f
j  /  j r r
organophosphorus a n tich o lin e s te ra se s , Fukuto and K etca lf * in v e s t ig a te d  the 
e f fe c t  o f  v a r ia tio n  in  the group R on the l a b i l i t y  o f  the P-O -nitrophenyl bond 
in  a s e r ie s  o f  ethyl-p-nitrophenylalkylphosphonates (XLV). In th is  c a se , 
however, although a general trend r e la t in g  the a n tich o lin estera se  a c t iv i t y  and 
the ra te  o f  a lk a lin e  h yd rolysis was observed, a lin ea r  co rre la tio n  was n ot
o b ta in e d . The r a t e  o f  i n h ib i t i o n  o f  th e  enzyme by (XLY) was o b served  to  be 
g r e a t e s t  when R = CH , and n-C H„7. However, in c re a s e s  in  ch a in  le n g th
s * s i
from 3 to  6 carbon a.toms caused a  r a p id  d e c re a se  in  th e  r a t e  o f  i n h i b i t i o n ,  
f o r  s t r a i g h t  cha in  compounds. B ranch ing  a t  th e  1 - ,  o r  2 -ca rb o n  atom s a l s o  
g r e a t ly  reduced  e n z y m e -su b s tra te  a c t i v i t y ,  p o s s ib ly  a s  a  r e s u l t  o f  s t e r i c  
f a c t o r s  r e l a t i n g  to  th e  s t e r i c  " f i t 11 a t  th e  r e a c t iv e  s i t e  on th e  enzyme s u r f a c e .  
B ranching  a t  th e  3-> and 4 -carb o n  atoms was o b serv ed  to  enhance th e  r a t e  o f  
i n h i b i t i o n ,  p o s s ib ly  because  o f  th e  s i m i l a r i t y  in  th e  o v e r - a l l  s p a t i a l  
c o n f ig u ra t io n  to  th e  n a t u r a l  c h o l in e s te r a s e  s u b s t r a te ,  a c e ty lc h o l in e  (X L II) .
The p re se n c e  o f  u n s a tu r a t io n  in  th e  group R, such a s  i n  a l l v l  and p h e n y l, 
fa v o u rs  in c re a s e d  to x i c i t y  o v e r  th e  co rre sp o n d in g  s a tu r a te d  g ro u p s . T h is  was 
e x p la in e d  by in c re a s e d  r e a c t i v i t y  caused  by e le c tro n -w ith d ra w a l by th e  
u n s a tu ra te d  sy stem s. Thus a l l y l  was n e a r ly  tw ice  a s  e f f e c t iv e  a s  n -p ro p y l and 
pheny l s e v e ra l  hundred tim es  more e f f e c t i v e  th an  c y c lo h e x y l. The in t r o d u c t io n  
o f  a  c h lo r in e  atom in  th e  group E, how ever, c o n s id e ra b ly  red u ced  e f f e c t iv e n e s s ,  
th e  r e l a t i v e l y  low a c t i v i t y  b e in g  e x p la in e d  by r e p u ls io n  betw een th e  c h lo r in e  
atom and th e  a n io n ic  s i t e  on th e  enzyme s u r f a c e .
In c re a s e s  in  th e  chain  le n g th  o f  th e  a lk y l  group R had c o m p a ra tiv e ly
l i t t l e  e f f e c t  on th e  s t a b i l i t y  o f  th e  e th y l-p -n itro p h e n y la lk y lp h o s p h o n a te  (XLV)
tow ards a l k a l in e  h y d ro ly s is .  R ate d e c re a s e s  were o b served  w ith  in c r e a s e s  in
c h a in  le n g th , and r e l a t i v e  r a t e s  o f  m e th y l^  e t h  , i >  n -p ro p y l = n -b u ty  i >  n - p e n ty l
= n -h e x y l o f  1 : 0*2 : 0*17 * 0*15 were g iv e n . These r e s u l t s  c o n t r a s t  w ith
zipth o s e  o b ta in ed  e a r l i e r  by Bud s o n "  f o r  th e  a l k a l in e  h y d ro ly s is  o f  d i e th y l  and 
d i i s o p ro p y l  e s t e r s  o f  m e th y l- , e th y l - ,  n - p ro p y l- ,  and n -b u ty lp h o sp h o n ic  a c id s ,  
th e  r e l a t i v e  r a t e s  o f  r e a c t io n  o f  th e se  compounds w ith  h y d ro x id e  io n  in  w a te r  
b e in g  g iv en  a s  m ethy l ( l ) ^ > e th y l  (0*16)^> n -p ro p y l (0*062^ n - b u t y  1 ( 0*039/ - o r  
th e  d iis o p ro p v la lk y lp h o s p h o n a te s , and m ethy l (1 } ^ > e th y l (C* 5>> n - b u t y l  (0*1) 
f o r  th e  d ie th y la lk y lp h o s p h o n ic  ac id  e s t e r s .  The s t a b i l i t y  o f  th e  p - n i t r o p h e n a te  
a n io n  a s  th e  le a v in g  group in  th e  s e r i e s  s tu d ie d  by Fukuto e t  a l^ ' '  * ^  p o s s ib ly
a cc o u n ts  f o r  th e  above d i f f e r e n c e s  in  r e l a t i v e  r a t e s  f o r  e s t e r s  o f  g iv e n
p h o sp h o ric  a c id s .  B ranch ing  o f  th e  a lk y l  c h a in , p a r t i c u l a r l y  a t  th e  1-c a rb o n
atom , g r e a t ! ; /  red u ced  th e  h y d ro ly s is  r a t e ,  p ro b ab ly  a s  a  r e s u l t  o f  s t e r i c
f a c t o r s .  The r e l a t i v e  h y d ro ly s is  r a t e s  o f  e th y l- p - n i t r o p h e n y l is o p r o p y l-
p h osphonate , cy c lo h ex y lp h o sp h o n a te , and t-b u ty lp h o sp h o n a te  compared w ith
e th y l-p -n itro p h e n y lm e th y lp h o sp h o n a te  were observ ed  a s  0*044, 0*013 ?^ d  0*0013>
r e s p e c t iv e ly .  B ranch ing  o f  th e  2 - ,  3-> and 4 -ca rb o n  a tom s, how ever, had l i t t l e
e f f e c t  on th e  h y d ro ly s is  r a t e ,  a lth o u g h  s t e r i c  f a c t o r s  s t i l l  ap p ea red  to  be
o p e r a t in g  in  v iew  o f  th e  s l i g h t  in c re a s e s  in  r a t e  a s  th e  m ethy l group was
p la c e d  f a r t h e r  from  th e  phospho rus atom . R ate in c r e a s e s  were r e g i s t e r e d  on
s u b s t i t u t i o n  o f  a pheny l group a t  phosphorus and a ls o  by th e  p re s e n c e  o f
h a lo g en  in  th e  a lk y l  c h a in .
The e f f e c t  o f  s t r u c t u r e  on th e  r a t e  o f  a l k a l in e  h y d ro ly s is  o f  p h o sp h o ra te
48e s te r s  had p re v io u s ly  been examined by Hudson e t  a l  ~ . In  t h i s  i n v e s t i g a t io n ,
b o th  th e  e f f e c t  o f  th e  e s t e r  group and th e  e f f e c t  o f  th e  s u b s t i tu e n t  a t
phosphorus on th e  r a t e  o f  a c id  and a lk a l in e  h y d ro ly s is  w ere s tu d ie d .  I t  was
observed  t h a t  in c re a s e s  in  th e  s iz e  o f  th e  e s t e r  group r e s u l t e d  in  d e c re a s e s
in  th e  r a t e  o f  th e  a lk a l in e  h y d ro ly s is  r e a c t io n ,  and th e  fo llo w in g  r e l a t i v e
r a t e s  f o r  a  s e r i e s  o f  m ethy lphosphonate  e s t e r s  ( C H ^ P O ^ R * w e r e  o b ta in e d :
m ethyl (600 e th y l  (40 iso  p ro p y l (1 )^> n eo p en ty l (0*33)* I t  was su g g e s te d
th a t  th e  d e c re a se  in  th e  r a t e  o f  r e a c t io n  w ith  in c re a s in g  s u b s t i t u t i o n  a t  th e
e s t e r  carbon  was a  r e s u l t  o f  in c re a s e d  c o n ju g a tio n  o f th e  a lk o x y  g roup  w ith
Ai Ath e  phosphonyl group R*— 0 —P—0 , and a lso  p o s s ib ly  in c r e a s in g  s t e r i c  h in d ra n c e
by th e  a lk o x y  group (R*) ,  th e  l a t t e r  e f f e c t  b e in g  in d ic a te d  by th e  red u ce d
r e a c t i v i t y  o f  th e  n e o p e n ty l e s t e r .  I t  was a ls o  su g g es ted  t h a t  th e  la c k  o f  an
observed  in c re a s e  in  a c t iv a t io n  energy  f o r  th e  h y d ro ly s is  o f  th e  d in e o p en  t y l -
m ethy lphosphonate  ( i n  c o n t r a s t  to  r e a c t io n s  o f  n e o p e n ty l h a l id e s )  and th e
—1 \a c t iv a t io n  e n e rg ie s  f o r  th e  s e r i e s  in  g e n e ra l (56 -  63 k J mol ) a r e  i n d i c a t i v e  
o f  a t t a c k  a t  pho sp h o ru s, s in c e  h ig h e r  v a lu e s  a re  n o rm ally  o b serv ed  in  r e a c t io n s
of water and hydroxyl ion  a t a saturated carbon atom e .g .  in  the h yd ro lysis  o f  
49a lk y l h a lid e s  . .
Kate changes o f  a d if fe r e n t  order o f  magnitude were observed fo r  the acid
ca ta lysed  h yd ro lysis  o f  th ese  compounds. The observed ra te  sequence was
explained by a mechanism in v o lv in g  protonation o f  the phosphonate (th e  r a te  o f
which i s  assumed to in crease  w ith b a s ic ity  o f  the a lc o h o l) , fo llow ed by a
bim olecular rea ctio n  between water and the protonated e s te r , th e ra te  o f  which
in crea ses  in  the same order as in  a lk a lin e  h y d ro ly s is . The in terv en tio n  o f  an
SI7.jP mechanism in  the rea ctio n  was a lso  suggested, in  agreement w ith the
exten sive  racem isation observed in  the acid  ca ta ly sed  h y d ro lysis  o f  phosphonates
50o f  o p t ic a l ly  a c tiv e  a lco h o ls  • S u b stitu tion  a t the phosphorus atom produced
l i t t l e  e f f e c t  on the ra te  o f  the acid  cata lysed  rea ctio n , and r e la t iv e  r a te s
o f  1 : 0*5 • 0*5 * 0*33 s 0*33 were observed fo r  the acid  h y d ro ly sis  o f
d iisop rop yl e s te r s  o f  m ethyl-, e th y l- , n -p rop yl-, n -bu ty l and t-butylphosphonic
ac id s r e sp e c tiv e ly .
F in a lly  the r e a c t iv i t ie s  o f  a lip h a t ic  and aromatic phosphonates were
compared. In agreement w ith Fukuto and M etcalf a s l ig h t  in crea se  in  the
ra te  o f  a lk a lin e  hyd rolysis was observed w ith a phenyl su b stitu en t a t  phosphorus
(kPh/kMe = 1*8 s 1).  The reverse  has been observed in  the case o f  carb oxylic  
51e s te r s  , in  agreement with spectroscop ic observations which suggest th a t
2phenyl groups do not conjugate s ig n if ic a n t ly  with the phosphorus atom • The 
high l a b i l i t y  o f  the aromatic e s te r  group compared w ith the a lip h a t ic  e s ter  
group was ind icated  by in creases in  the ra te  o f  a lk a lin e  h yd ro lysis  and a lso  
by ex c lu siv e  relea.se o f p-nitrophenol from ethyl-p-nitrophenylm ethylphosphonate  
in  alkadine so lu tio n . The analogous reaction  in  acid  so lu tio n  lea d s to  the  
r e le a se  o f  ethanol a t a ra te  s im ila r  to the acid  ca ta lysed  hydro l y s i s  o f  d ie th y l-  
methylpho sphonate.
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R2. ^In  c o n t in u a tio n  o f  s tu d ie s" ' r "" r e l a t i n g  to  th e  la rg e  in c r e a s e  i n  th e
r a t e  o f  phosphonate  e s t e r  h y d r o ly s is ,  w hich r e s u l t s  from  th e  in c o rp o ra t io n  o f
5 A ,a  s u i ta b ly  p la c e d  k e to n ic  group in  th e  m o lecu le , L ieske e t  a d / 1 in v e s t ig a te d  
th e  e f f e c t  o f  s u b s t i tu e n t s  on th e  r a t e  o f  a lk a l in e  h y d ro ly s is  and t o x i c i t y  o f  
a s e r i e s  o f  s u b s t i tu t e d  p h en ac y l-p -n itro p h e n y lm e th y lp h o sp h o n a te s  (X LY l).
In c re a s e  in  th e  r a t e s  o f  a l k a l in e  h y d ro ly s is  w ith  in c r e a s in g  e l e c t r o n - a t t r a c t i n g  
a b i l i t y  o f  th e  s u b s t i tu e n t s  was o b se rv ed  and a. l i n e a r  c o r r e l a t i o n  betw een  th e  
r a t e s  o f  a lk a l in e  h y d ro ly s is  and th e  Hammett sigma (o) v a lu e s  o b ta in e d , (p  = 
1*43)* I n s u l t s  o f b io lo g ic a l  t e s t i n g  in d ic a te d  an a p p a re n t c o r r e l a t i o n  w ith  
th e  h y d ro ly s is  d a ta .  In  t h i s  c a s e ,  how ever, in  c o n t r a s t  to  th e  o b s e rv a t io n s  
re p o r te d  by Fulaito and M e tc a .lf^  *^  ^ , th e  t o x i c i t y  o f  th e  compound ( a s
in d ic a te d  by LIL_ v a lu e s )  d e c re a se d  w ith  in c r e a s e  in  th e  r a t e  o f  a l k a l i n epu
h y d ro ly s is .  L ieske" ' su g g ested  t h a t  in  v iew  o f  th e  read y  s u s c e p t i b i l i t y  o f  
p h en acy lphosphonates to  a lk a l in e  d e g ra d a tio n , th e  compounds a r e  p o s s ib ly  
h y d ro ly sed  b e fo re  r e a c h in g  v i t a l  c e n t r e s .
Aksnes e t  a l  o b se r\red t h a t  e le c t r o n e g a t iv e  s u b s t i tu e n t s  e x h ib i te d  a  
much g r e a t e r  in f lu e n c e  on th e  r a t e  o f  n u c le o p h i l i c  r e a c t io n  i n  c a rb o n y l 
compounds th a n  in  phosphonyl compounds. Thus th e  r e l a t i v e  r a t e s  f o r  th e  
a l k a l in e  h y d ro ly s is  o f  v a r io u s  d ie th y lp h o sp h o n a te s  (R P(0)(0C 2Kf-)2 ) w ith  R -  CE^ 
a s  r e fe re n c e  a re  : 0 1 3 ,  CH  ^ : 1,  CICI^ : 15*6,  and C12CH :10S , w h i l s t
f o r  com parison , th e  r e l a t i v e  r a t e s  f o r  th e  co rre sp o n d in g  c a rb o x y l ic  a c id  e s t e r s  
(kCO^CgH^) w ere e s tim a te d  a s  G^ H^  : 0*9,  CE^ : 1, CICI^ : 258, Cl^CE 2 5000. 
Aksnes th u s  su g g ested  t h a t  e le c tro n -w ith d ra w in g  s u b s t i tu e n ts  w hich  make th e  
phosphorus atom more p o s i t i v e ,  hence a s s i s t i n g  th e  approach  o f  a  n u c le o p h i le ,  
a ls o  have th e  e f f e c t  o f  in c r e a s in g  PA—^A o v e rla p  betw een th e  le a v in g  g roup
and phosphorus, and as the h yd rolysis  rea ction  in vo lves bond-breaking as w e ll  
as bond-formation in  the tr a n s it io n  s ta te ,  the two- e f fe c t s  alm ost ca n ce l. The 
increase in  the d ative  ^ -bonding by the ethoxy groups and by the phosphonyl 
oxygen on ch lor in a tion  are fu rther ind icated  in  the r is e  o f  the frequency o f  
the in frared  stretch in g  v ib ra tion  o f  the phosphonyl group.
A comparison o f  the en erg ies and en trop ies o f  a c tiv a tio n  fo r  the a lk a lin e  
h yd ro lysis  rea c tio n s  o f the corresponding phosphonyl and carbonyl e s te r s  
revealed  tha t w h ils t  the a c tiv a tio n  en erg ies are almost id e n t ic a l ,  the
55a c tiv a tio n  en trop ies are more p o s it iv e  fo r  the carboxylic e s t e r s .  Aksnes 
proposed tha t the reason fo r  t h is  d ifferen ce  i s  most l ik e ly  the g rea ter  
r e s tr ic t io n  la id  upon the tr a n s it io n  s ta te  fo r  the a lk a lin e  h y d ro ly s is  o f the  
phosphonate e s t e r s ,  which must s a t is fy  the requirements fo r  the synchronous 
movements o f the incoming nu cleoph ile  as w e ll as the leav in g  group. By co n tra st, 
in  the interm ediate fo r  the carboxylic e s te r  h y d ro ly sis , f u l ly  developed c  bonds 
are formed and a l l  the degrees o f  freedom are l e f t  undisturbed.
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so lv o ly s is  1 *  a lk a lin e  h y d ro ly s is
(XLVIl)
11Work by Hudson e t  a l  a lso  e sta b lish ed  an increase in  the ra te  constant 
and a corresponding decrease in  a c tiv a tio n  energy fo r  the a lk a lin e  h y d ro ly sis  
o f dietbylch lorom ethylphosphonate compared w ith the corresponding a lk y l-  
phosphonates (PI^O Xo^Ej.)^). The in flu en ce  o f  a p -ch lorin e  atom on th e ra te  
o f s o lv o ly s is  o f the corresponding ch lo r id a tes  (P^C^H^-OjP^Xl), however, was 
found to be considerably le s s  and moreover the a c tiv a tio n  energy i s  in creased . 
Hudson th erefore  suggested tha t in  contrast to  reaction s a t  the carbonyl cen tre , 
in  which the changes in  r e a c t iv ity  correspond to changes in  bond-forming 
en erg ies, in  phosphorus compounds bond-breaking becomes more im portant. 
Furthermore, the.bonding i s  more va.ria.ble. In s o lv o ly s is ,  bond-breaking and
bond-making are q u ite  comparable , but in  the a lk a lin e  h yd ro lysis r e a c tio n , 
the tr a n s it io n  s ta te  structure i s  probably sim ila r  to th a t o f an ad d ition  
interm ediate (XLYIl). Consequently bond-forming in flu en ces  are stronger in  
(XLVH) than in  s o lv o ly s is .
Q -J Q “J 2  5 6  5 ^I'lany workers'* 3 9 9 have demonstrated th at alkoxy groups reduce the
r a te s  o f  rea c tio n  o f phosphoryl, phosphonyl, and phosphinyl ch lo r id es  w ith
n u c leo p h ilic  agents, and have postu lated  a d ea ctiv a tin g  p a —dft conjugation
w ith the phosphorus atom in  the ground s ta te  a c tin g  in  opp osition  to the  
0 10 12in d u ctive  e f f e c t "9 9 • Thus ra te  data rev ea ls  th a t a methoxy group reduces
the ra te  o f s o lv o ly s is  o f  m ethylethylphosphonochloridate by & fa c to r  o f 15 -  20
3tim es, compared w ith d iethylphosphinyl ch lo r id e , w h ils t  a fa c to r  o f  3 x  10
i s  observed fo r  the r e la t iv e  r e a c t iv i t ie s  o f the analogous a c e ty l ch lorid e  and
58eth y l chloroformate • The large d iffe re n c e  in  e f f e c t s  was a ttr ib u ted  to  the
greater PA—PA bond energy in  carbonyl compounds compared w ith  p A“ ^fi bond
7energy in  phosphacyl compounds. Haake suggested th a t the ra te  reduction  i s
in d ic a tiv e  o f  an a sso c ia tiv e  mechanism, s in ce  the conjugation between the
alkoxy groups and phosphorus appears' to s t a b i l i s e  the ground s ta te  more than
the tr a n s it io n  s ta te . Evidence fo r  a s so c ia t iv e  displacem ent in  phosphacyl
ch lor id es in c lu d es ( i )  ra te  enhancement on add ition  o f  n u c le o p h ilic ’agents^ ,
( i i )  ra te  dependence on the s iz e  of the nu cleoph ile^ , ( i i i )  s t e r ic  retard ation
10by large  su b stitu en ts  a t  phosphorus and ( iv )  ra te  in h ib it io n  due to angle
7 5°s tra in  a t phosphorus , Pate comparisons in  iso  s o lv o ly t ic  media a lso  in d ic a te
the predominance o f  an a sso c ia tiv e  mechanism, fo r  example the so lv o ly se s  o f
phosphoryl and phosphonyl ch lorides are 10 tim es slower in  form ic acid than
0 .60in  the is o s o lv o ly t ic  but more n u c leo p h ilic  aqueous ethanol' *
The ra te  o f a lk a lin e  h yd rolysis  o f  phosphacyl f lu o r id e s  i s  a lso  reduced
s ig n if ic a n t ly  by the su b stitu tio n  o f  alkoxy groups as shown by th e  fo llo w in g
r e la t iv e  r e a c t iv i t i e s ^ :  (C E_)0P(o)F (45^), CoHt-(CE^0)P(0)F (11) ,  and ^ j  £ ?- j j
(Ctt,0)2P(0)j? ( 1) .  Thus the s itu a tio n  resem bles that fo r  the s o lv o ly s is  o f
The rep la cem e n t o f  a lk o x y  groups by a lk y la n in o  groups a l s o  h as  th e  e f f e c t
10o f  d e c re a s in g  r e a c t i v i t y  • S ince n i t ro g e n  i s  l e s s  e le c t r o n e g a t iv e  th a n  oxygen,
th e  o b served  o rd e r  i s  i n  agreem ent w ith  th e  fo rm a tio n  o f  s t ro n g e r  m u l t ip le
62bonds w ith  n i t r o g e n .  There i s  some ev idence  , how ever, t h a t  b o n d -b reak in g  
becomes in c r e a s in g ly  im p o rtan t in  th e  h y d ro ly s is  o f  p h o sp h o ro c h lo r id a m id a te s , 
owing to  t h i s  c o n ju g a tio n .
Hudson e t  a l  '' o b serv ed  th e  a l k a l in e  h y d ro ly s is  o f  p h o sp h acy l e s t e r s  to  
be o n ly  s l i g h t l y  a f f e c te d  b3r a lkoxy  g ro u p s , and th e  fo llo w in g  e s t e r s  a.re 
h y d ro ly sed  by h yd rox ide  io n  a t  th e  r e l a t i v e  r a t e s  p e r  n e th o x y l group a s  shewn.
o  o
(c h ) p o c h  c h p (o c h n) (c h o )  p  = o\  2  5 / 2  3 2  5  \  3 / 2  V 3 / 3
5*9 4*2 1*0
The e f f e c t  o f  s t r u c tu r e  on th e  r a t e  o f  a lk a l in e  h y d ro ly s is  o f  p h o sp h o ra te
7 26 28-30 6 /e s t e r s  has been s tu d ie d  by Eaake * “ ’ . H ydro lyses in  oxygen-18
2^,26e n ric h e d  media have shown th e  r e a c t io n s  to  p ro ceed  e x c lu s iv e ly  w ith
a t ta c k  o f  h yd rox ide  io n  a t  phospho rus, w h i l s t  v a r i a t i o n s  in  th e  c o n e e n tr e t io n s  
o f  e s t e r  and b ase  have d em o n stra ted  t h a t  th e  r a t e s  o f  h y d ro ly s is  a r e  f i r s t - o r d e r  
in  e s t e r  and f i r s t - o r d e r  in  b a s e . The s in g le  e x c e p tio n , t e r t - b u ty ld ip h e n y l -  
p h o sp h in a te , was observed  to  h y d ro ly se  w ith  f i r s t - o r d e r  k i n e t i c s ,  th e  r a t e  
b e in g  in d ep en d en t o f  th e  c o n c e n tra t io n  o f  b a se .
s \ \ \  / = \ ^ x
p — o & //
(xLvni) 1 / = \  (l)
f f^ l
The p lo t  o f lo g  k (h yd ro lysis) fo r  (XLVIIl) versus Hammett sigma (<7) 
v a lu e s ^  fo r  the su b stitu en t X revealed  a lin e a r  co rre la tio n  ( g  = 2*2 ).
A sim ilar p lo t  o f lo g  k (h yd ro lysis) versus the pK o f the corresponding phenols,a
however, revealed  a s ig n if ic a n t  d ev ia tion  fo r  the p -a c e ty l compound from a good 
stra ig h t l in e  defined by the rem aining compounds (s lop e  = 1 * 0 ) .  I t  was 
suggested th a t the d ev ia tio n  o f  the p -a ce ty l compound in d ica ted  th a t a 
s ig n if ic a n t  charge i s  not developed on the phenolic oxygen in  the tr a n s it io n  
s ta te  i . e .  the stru c tu ra l change from the ground s ta te  o f  the phosphinate to  
the tr a n s it io n  s ta te  does not resem ble the stru ctu ra l change from phenol to  
phenoxide ion  fo r  ArOH.
The lin e a r  c o r r e la t io n ^  o f a*values w ith lo g  k (h y d ro lysis) fo r  (IL)
( p  -  0*7) (which inclu d es the p-methoxy compound) in d icated  a resonance type 
in tera c tio n  in  the r ea c tio n . S im ilarly  the lin e a r  co rre la tio n  o f  lo g  ^ r e l a ­
t iv e )  fo r  the a lk a lin e  h yd ro lysis  o f (b) r e la t iv e  to m ethyldiphenylphosphinate 
with cr parameters included data fo r  the pa,ra-dimethylamino compound. The ra te  
data fo r  the a lk a lin e  h yd ro lysis  o f e th y l benzoates was a lso  shown, to  co rre la te  
with' lo g  k or lo g  k (r e la t iv e )  o f  (IL) and (L) r e sp e c tiv e ly , and thus Haake 
suggested su b stitu en t e f f e c t s  to be sim ilar  fo r  n u c leo p h ilic  displacem ent 
reaction s o f benzoates and arylphosphinates.
(LI) (LII) (L III)
In o ld er  to in v e s t ig a te  the nature o f  the ft - in te r a c t io n s  between th e  
phenyl r in gs and the phosphinyl phosphorus, the e f f e c t  o f changing the angular  
r e la t io n  between the p lanes o f  the phenyl r ings and the 0—-P—0 p lan e, on the
ra te  o f a lk a lin e  h yd ro lysis  -was exam ined^. C rysta l structure analysis*^  shows
the diphenylphosphinates (L i) to have the "A-frame11 conformation (L Il) o f  the
two phenyl r in g s , w h ils t  in  diphenylmethane-2, 2-phosphinic ac id  (L III; R = H)
the phenyl r in g s  are turned towards a more planar arrangement. The r e la t iv e
r a te s  o f a lk a lin e  h yd ro lysis  o f  (LI; R = CH^ ) and (LIII; R = CEL) revea led  the
change in  o r ien ta tio n  o f  the phenyl r in g s to have a n e g lig ib le  e f f e c t ,
in d ic a tin g  the ^ - in te r a c t io n  to be independent o f the angle between the phenyl
r in g  and phosphinyl phosphorus. Eaalce thus suggested'' th a t the ft -bonding
involved o r b ita ls  a t phosphorus w ith considerable d-character s in ce  d -o r b ita ls
should be ab le  to accomodate any o r ien ta tio n  o f the phenyl r in g s .
67Cook e t  a l  extended th is  study to inclu de the h e te r o cy c lic  phosphinic
acid  e s te r  (LIV; R = CEL), the structure o f  which corresponds to the best
conformation fo r  p h en y l-3d -orb ita l in te r a c tio n . The d ifferen ce  in  r a te ,
however, between (L III; R = CH )^ and (LIV; R = CH )^ was found to  be alm ost
67equal to tha t pred icted  from the <J va lue o f the methyl group. Cook th ereforeJP
concluded tha t the s iz e  o f  the d -o r b ita ls  o f  phosphorus allow  them to overlap  
w ith the p -o r b ita ls  o f benzene in  sp ite  o f  the non-p lanarity  o f  the system.
(LIV) (LV)
The a lk a lin e  h yd ro lysis  o f  compounds o f  the type (LV; E’ = CH_) in  which
67X and R are varied were a lso  stud ied  by Cook e t  a l  , to determine i f  there  
are a cro ss-th e -r in g  f i e l d  e f f e c t s  on the r e a c t iv it y  a t phosphorus. A p lo t  
o f lo g  k( hydro ly s i s )  versus £crva lu es produced a reasonable s tr a ig h t  l in e  w ith  
the exception that (LV; R* = CK ,^ X = CO, R = H) hydrolysed considerab ly  fa s te r  
than the value would p r e d ic t . The p lo t  of ^<7 aga in st the pIC^  o f  the pho sphin ic
ac id s  (LV; R* = H) gave an ex ce llen t s tr a ig h t  l in e  fo r  a l l  the  compounds,
6*7in d ic a tin g  the absence o f any sp e c ia l e f f e c t  fo r  the carbonyl compound. Cook 
thus postu lated  the mechanism fo r  h y d ro ly sis  o f (LV; R* = CH ,^ X = CO, R = H) 
to  in vo lve  a tteck  o f hydroxide a t  carbonyl carbon to form a k e ta l anion, which 
would attack  phosphorus in tram olecu larly . The a ttack  a t carbon i s  favoured on 
s t e r ic  grounds, and the pentacovalent interm ediate formed a f t e r  intram olecular  
attack  would have a d ib en zb icycloh ep tane-lik e stru ctu re.
r> S’ QQ OQThe e f f e c t s  o f  varying the a l ly  1 su b stitu en ts  (R) 9 9 on the ra te  o f
a lk a lin e  h yd ro lysis  o f  m ethyldialkylphosphinates (i^K^CEL) rev ea led  a
VCd is to r t io n  of the ra te  order from th a t pred icted  by CT . Rate con stan ts  
decreased in  the order: m ethyl^> benzyl ~  ethyl^> n -b u ty l^ >  iso p ro p y l.
68A pplication  o f  the Taft equation, which combines both s te r ic  and p o lar  e f f e c t s  
( equation 13 )
in s  (k/ kCH ) = o ’/O + 8 e s (1 3 )
5
in  the form [lo g  (k /k CI, SE / a  *iyO to the data, produced a poor
3 • 28co rre la tio n , giving^O = 2 * 5  and 8 = 2*5 per su b stitu en t. Eaake proposed 
th a t a comparison w ith the analogous data fo r  carboxylates (RCO^C^H^), which 
givesyD = 2*48> demonstrates th a t the a ttack  o f hydroxide a t  phosphorus in  
phosphinate e s te r s  i s  about as dependent on the e lec tr o n ic  e f f e c t s  o f the a c y l  
su b stitu en ts  as the analogous rea ction  in  carb oxylates. Acyl su b stitu e n ts  in
phosphorates, however, cause large  s t e r ic  e f f e c t s .  Using Taft E v a lu es , & = 1s
68fo r  RC02C2Htj 8 =  2*5 per a cy l su b stitu en t fo r  RgPC^CE .^ The s te r ic
compression on the add ition  o f ~0H to tetrah ed ra l phosphorus must th erefore  be 
larger  than fo r  the add ition  o f ~0H to tr ig o n a l carbon, and must resem ble the 
e f f e c t s  o f carbon su b stitu en ts  in  SN2 rea c tio n s.
Bu*
O " B u^e^ \k -'Y
*  (iiYl) X U  (LVIl)
Bu’’
-  I ^ Y -  IO - PC °^ P —Y
v X
*  ( l y i i i )  ( l i x )
The increased e f f e c t  o f s te r ic  hindrance in  the a lk a lin e  h y d ro ly s is  o f
27phosphinate e s te r s  has a lso  "been observed by other workers. T rippett e t  a l  
found th a t w h ilst one t-b u ty l group attached to  phosphorus in  the phosphonate
AO ^se r ie s  (PI^OXoCgHj-)^) produces l i t t l e  s te r ic  hindrance to a ttack  o f  OH on
phosphorus, in  the phosphinate s e r ie s  (i^PCO^CyEI^) there i s  a sharp f a l l  in
d . *fc •the ra te  o f  a lk a lin e  h yd ro lysis between R = Pr and Pl = Bu . This retard ation
i s  a lso  observed in  oth er su b stitu tio n  r e a c tio n s , e .g .  w hile  dialkylphosphiny 1
ch lor id es normally rea c t exotherm ically w ith  eth an olic  sodium ethoxide a t  room
temperature, d i-tert-b u ty lp h o sp h in y l ch lo r id e , however, i s  e s s e n t ia l ly  unchanged
a fter  r e f lu x in g  fo r  24 hours w ith  th is  reagent.
27T rippett proposed th a t with two t-b u ty l groups attached to  phosphorus, 
one must occupy an eq u atoria l p o s it io n  in  the f i r s t  interm ediate tr ig o n a l
bipyramid (L Y l). In the tr a n s it io n  s ta te  (LYIl) lead in g  to t h is  in term ed iate ,
o ’ 0the angle © -is  l e s s  than 90 and d esp ite  a P-C bond length  o f~ 1 « 8 7  A,
su b sta n tia l hindrance from the "equatoria l1' t -b u ty l group to a tta ck  o f the
n u cleop h ile  i s  apparent a t  th is  p o in t. With on ly  one t-b u ty l group on phosphorus,
there i s  l i t t l e  hindrance to attack  o f the n u cleo p h ile , as the t -b u ty l group
can occupy an a p ica l p o s it io n  in  the f i r s t  interm ediate tr ig o n a l bipyramid
(L Y IIl). Pseudorotation to the tr ig o n a l bipyramid (LEC) then occurs b efo re
expulsion o f  the group Y from an a p ic a l p o s it io n .
T~ CH bG H  'C- - ^ - c OCH2  5  2  5  2  5
R elative
Rate 2*9 1*0 1*5 4*0
(LX) (LXI) (XXl) (XX)
Previous s tu d ies  have shown th a t five-membered c y c lic  e s te r s  o f phosphonic
5 9and phosphoric a c id s  are hydrolysed 10 -  10 tim es as rap id ly  as the corres­
ponding six-membered c y c lic  e s te r s  and open-chain a n a lo g u es^ ’^ .  S im ilarly
in  phosphonium s a l t s ,  the fo u r- and five-memhered r in g  systems undergo rea ctio n
70 7 26 28much more rap id ly  than the six-membered r in g  systems . Haake e t  a l  ’ * ,
however, observed th a t incorporation o f phosphorus in to  four and five-membered 
rin g  systems in  the phosphinate s e r ie s  produced l i t t l e  e f f e c t  on the r a te  o f  
a lk a lin e  h y d ro ly sis . Haake proposed th a t in  view o f  the combination o f  p o ss ib le  
s te r ic  and r in g  s iz e  e f fe c t s  which would p red ic t a very slow ra te  o f  h y d ro lysis  
o f (LX ) i f  displacem ent were proceeding in  SH2 fa.shion, the s l ig h t ly  fa s te r  
h yd ro lysis  o f ethylpentam ethyltrim ethylenephosphinate (LX ) compared w ith  
ethyld iethylphophinate (LXI ) in d icated  th a t displacem ent must be p o ss ib le  by 
a pathway w ith a geometry in  which en tering  and leav in g  groups may be other  
than c o -lin ea r  w ith phosphorus. The r e s u lt  th erefore supports the presence o f  
a pentacoordinate interm ediate in  the rea c tio n .
o  o  p
C H —  P —OCH. II  p f  [ P  R0'2 5  I 3  \
C2H5 OCH OCH3
R ela tiv e  Rate 1*0 42*0 1*2
(LXII) (LX IIl) (LXIV)
The ra te  e f fe c t s  obtained fo r  the s e r ie s  o f  - five-membered r in g  pho sp h in ic
26 28acid  e s te r s  were in terp reted  ’ on the b a s is  o f  a d ece lera tio n  in  the a lk a lin e  
h yd ro lysis  o f  the 2-phospholenes ( XXI ) and ( LXIV ) compared w ith the
corresponding 3-phospholene (LXIIl), due to conjugation o f  the double bond w ith  
phosphorus.
OQLarge ra te  e f f e c t s  were observed by Eaake e t a l  on the v a r ia tio n  o f
th e e s te r  group in  phosphinates. The ra te  r a t io s  fo r  groups (ft*) in  d ie th y l-
phosphinates £(C2Hj_)2P02R,J were found to be methyl ( 157) e th y l (21)^>
isop rop y l ( l ) ,  and fo r  diphenylphosphinates [(0  6E ) 2P02S'] , m ethyl ( 3 2 0 ) >
e th y l (26) isoprop yl (1 ) .  Treatment o f  the data by equation 13 gave^D = 8
and 8 = 1 * 5  fo r  d ie  thy lpho sphinat es and p  = 1 1  and 8 =  0*6 fo r  d iphenyl-
pliosphinates. In co n tra st, the r a t io s  fo r  the a lk a lin e  h yd ro lysis  o f a c e ta te s
(CE^GO^k) are methyl (6)^> e th y l (4)^> isop rop yl ( 1 ) ,  furtherm ore*^,p  = 1*34
28and 8 =  0*7. Eaake proposed th a t the o r ig in  o f  the la rg e  0 -a lk y l su b stitu en t  
e f f e c t s  was re la ted  to the mechanism o f  h y d ro ly sis  o f phosphinate e s t e r s ,  and 
the con tract with carboxylates i s  due to the d ifferen ce  in  mechanism.
c HO
/  ' O  .R OR5*s-
ground s ta te  
(LXV)
os"
J k  ,R :, , OR 6H  
8"
tr a n s itio n  s ta te  
(LXVI)
r -p> products (14)
(LXVII)
In benzoates, oxygen-18 s tu d ies  have demonstrated th a t the rate-determ in in g
• 72step  i s  the formation o f the tetrah ed ral in term ediates . Therefore, 0 -a lk y l  
su b stitu en ts  have th e ir  primary e f f e c t  in  the ground s ta te ; because o f the  
A -in tera c tio n  o f the oxygen atom w ith the carbonyl group, the a lk y l oxygen 
w i l l  be p a r t ia l ly  p o s it iv e  and withdraw e lec tro n s from the a lk y l group. The 
in ter a c tio n  thus resem bles th a t fo r  a cy l su b stitu e n ts .
R m OCH R  3 OCH (8)
(XXVII)
In phosphinates the su b stitu en t e f f e c t s  are q u ite  d if fe r e n t . Shep  v a lu es  
are too large  to be explained \sy r a te -d e te m in in g  attack o f hydroxide io n  to  
form a pentacoordinate interm ediate (XXVIl), and require the breakdown o f  the 
interm ediate to be rate-determ in ing. The charge on the a lk y l oxygen w i l l  then  
change (equation 15) from p a r t ia l ly  p o s it iv e  in  the ground s t a t e ,  to the  
p a r t ia l  n egative  charge o f the developing alkoxide ion  in  the tr a n s it io n  s ta te .  
The large p  va lu es can then be in terp reted  on the b asis  o f  in te r a c t io n s  o f the
su b stitu en t w ith a p a r t ia l ly  p o s it iv e  and p a r t ia l ly  negative a lk y l oxygen.
n s:
i pFLR HO (XXVII)
OR
S +
OR
I J -
r  p —2
OH
_>> products ( 15 )
ground s ta te  • tr a n s it io n  s ta te
The tr a n s it io n  s ta te  (and the pentacoordinate in term ediate) are oxyanions
which w i l l  have high so lv a tio n  requirem ents. S ter ic  hindrance to  so lv a tio n  o f  
the negative  oxygen atom w i l l  be considerably greater in  pentacoordinate in te r ­
m ediates from phosphinate e s te r s  than in  the tetracoord inate  in term ed iates from 
carboxylates, due to greater s te r ic  crowding inherent in  p la c in g  f i v e  rather  
than four groups around a cen tra l atom. This s te r ic  hindrance to so lv a tio n  o f  
the tr a n s it io n  s ta te  may a lso  contribute to the la r g e p  value observed fo r  
phosphinate e s t e r s .
The hypothesis o f  ra t e-determ ining breakdov/n o f the in term ediate  i s  
further supported by examination o f  the r e la t iv e  b arriers expected fo r  lo s s  o f  
OH and ""OH. The r e la t iv e  h e igh ts  o f the b a rr iers  fo r  decom position o f  (XXVTl)
to e s ter  (k or products should depend on the r e la t iv e  b a s ic ity  o f  the
two leav in g  groups. Since alkoxide io n s  are more b a sic  than hydroxide io n s  
kg <^k i . e .  rate-determ ining conversion o f interm ediate to products. YJhen 
the leav in g  group i s  l e s s  n u c leo p h ilic  than the entering  group kg^> k_.j and 
the rea ction  constants w i l l  be a measure o f  e lec tr o n ic  e f f e c t s  fo r  interm ediate  
form ation on ly , and should th erefore be reduced. Thus in  the a lk a lin e  h y d ro ly sis  
o f arylpho sphinates ( C ^ H j ^ P O w h e r e  the phenoxide ion  i s  a b e tter
6 Alea v in g  group than hydroxide io n  , p> i s  reduced to 2 *2 .
The occurrence o f ^-bonding in v o lv in g  the overlap o f a phosphorus d -o r b ita l
w ith a p -o r b ita l o f  an adjacent atom lias been firm ly  e sta b lish e d  fo r  a  number
73o f te tra co v a len t phosphacyl compounds. Such p^  — dfi bonding has been 
demonstrated in  in sta n ces  in  which nonbonding e lec tro n s o f  e lec tro n eg a tiv e  
atoms, prim arily  oxygen, n itro g en , sulphur and ch lo r in e , are donated to the  
empty phosphorus d -o r b ita l. The p o s s ib i l i t y  o f  a comparable in te r a c tio n  
in v o lv in g  the donor p rop erties o f a 7^ -bonded system has stim ulated d isc u ss io n  
in  recent l i t e r a tu r e . For organic compounds, some o f the stro n g est evidence  
fo r  conjugation has been obtained from e lec tr o n ic  absorption sp ectra , and t h is  
approach has been w idely u t i l i s e d  in  s tu d ies  o f organophosphorus compounds.
In an exten sive  study Jaffe^ Freedman and Doak^ examined the u l t r a v io le t  
absorption spectra o f  triphenylphosphine oxide and a number o f  arylphosphonous, • 
aiylphosphonic, and diary lpho sph in ic  ac id s conta in ing  bromo, ch loro , and n itr o  
su b stitu e n ts , and found evidence o f on ly  very  weak —  dft bond form ation.
Small bathochromic s h i f t s  o f  <(10 mju r e la t iv e  to  the parent arene and a 1*5 — 5 
fo ld  in crease  in  the in te n s ity  o f absorption were observed, and any f in e  
structure found in  the spectrum o f the parent compound was u su a lly  u n a ltered  
by the presence o f  the phosphacyl group. Furthermore, the con secu tive  a d d ition  
o f phenyl ra d ica ls  to the phosphorus atom in  the s e r ie s  changed the molar 
absorption c o e f f ic ie n t  in  a r a t io  more or l e s s  equal to  the number o f  phenyl 
r in gs introduced, lead in g  to the conclusion th at each r in g  linked to  the
phosphacyl group i s  on ly  s l ig h t ly  a ffec ted  as fa r  as i t s  ^ -e le c tr o n  system, i s  
concerned, thus in d ic a tin g  no or very  .weak conjugation*
nr n/*
G riffin  and Hseih studied the u lt r a v io le t  absorption spectra  o f  a
wide range o f p ara -su b stitu ted  triarylphosphine ox id es and observed su b sta n tia l  
s h i f t s  o f the wavelength o f the primary band r e la t iv e  to th a t o f  the parent 
su b stitu ted  benzene* The magnitude o f  th ese  s h i f t s  were rough ly comparable 
w ith the displacem ents observed in  the corresponding su b stitu ted  benzoic a c id s ,  
and i t  was concluded th a t the ft -o r b ita l  o f  the aromatic nucleus could in te r a c t  
w ith an empty d -o rb ita l o f  the phosphorus atom. Thus in  te tra co v a len t phosphorus 
compounds, the phosphacyl group can be regarded as  a p o te n tia l e le c tr o n -  
withdrawing group which can in ter a c t w ith an electron -don atin g  group in  th e  
p ara-p osition  o f  the benzene r in g . The pfi —  dft in tera c tio n  i s  weaker than  
P7V —  p^ in te r a c tio n s , but becomes more important w ith in crease  in  e lec tr o n -  
donating power o f  the substituent*
nr
G r iffin  and Hseih fu rth er  reasoned th a t the strength o f  the p f i—  d/f 
in tera c tio n  should a lso  be dependent on the magnitude o f  the p o s it iv e  charge on 
phosphorus* Accordingly, the absorption sp ectra  o f a s e r ie s  o f p a ra -su b stitu ted  
phenylphosphonium s a l t s  revealed  larger  s h i f t s  than were observed fo r  the  
corresponding phosphine ox id es .
Sim ilar r e s u lt s  to  the above were obtained independently by Schiemenz and 
77Hoehlk who examined the u lt r a v io le t  spectra o f  a s e r ie s  o f  phosphorus- 
su b stitu ted  a n il in e s  jp - X C ^ l^ ;  X = P(C6H5) 2 , PCoXC^H ^, P(S)(C6H5) 2 ,
*'* * -i .PGEL(CgH^)2 and p(C^H^)^ , and compared these sp ectra  w ith th ose o f  para- 
to lu id in e  and para-phenylenediamine. Consideration o f the sp ectra  revea led  
f a ir ly  strong bathochromic s h if t s  o f  the main absorption band r e la t iv e  to  th a t  
o f  a n il in e . The magnitude o f  the e f f e c t  decreased with in crea s in g  e le c tr o n
+  v  +  .d en sity  a t  the phosphorus atom, in  the order P(C^H^)^^>PCH^(C^H^)2^> P(s)(CgH^)2 
^  P(o)(C^H^)2 ^  P(C^H^)2# The phosphorus atom acted as a strong in su la to r  
between the r in g s i*e* no through, conjugation or in ter a c tio n  between d if fe r e n t
ary l groups was observed.
The general con clusion s o f  th is  study were fu rther supported by examination
78 79o f p ara -an isy l and para^-nitrophenyl system s.
OR
CH = C H — P = 0
2 i R
( l x v iii)
The p o s s ib i l i t y  o f  conjugation in  vinylphosphorus compounds has been
in v e stig a te d  by a number o f  workers. E sters o f  vinylphosphonic acid s (LXVIIl)
80were prepared as early  as 1945 » and. the ad d ition  o f  n u c leo p h ilic  reagents to
81the double bond were in v e s tig a te d  by Pudovic , who found th a t under th e  
c a ta ly t ic  a c tio n  o f a lkoxide ion  the add ition  scheme i s  as fo llo w s:
BH + OP v. 11 ■*- B 4* ROE
CE2=O BP(o)(OR)2 + B ----- > B02HjP (0)(0R )2
BG2lijP(0)(0R )2 + ROH ^==^BG2H4P (o)(OR)2 + ~0R
where B = 1HL CH^COOCyi^ HP(0)(0C2H5)2
Rim2 CH2(C00C2Hj )CN RP(S)(0G2E^)2
R^IH CH^ C0GH2C00G2H5 RPH(0)(0R)
H2S RSH CgHjCHgCN e tc .
Scheme I I I
The r e a c t iv ity  o f  the double bond in  vinylphosphorus compounds has a lso  
been in v estig a ted  by Kabachnik w ith a number of co-workers. In ad d ition  to
vinylphosphonic acid  d er iv a tiv e s  a number o f a lkylallcylvinylpho sphinates
82 82 (LXIX) , alkylhydrogenvinylpho sphinates (LXX) , and te r t ia r y  vinylpho sphine
o x i d e s  ( L X X l ) ^ 3 were prepared and stu d ied .
(LXIX) | (LXX)
C H  = C H — P = 0  2 |
(IXXI) R
A p ro p e r ty  o f  th e  v in y lp h o sp h o ru s  compounds was found to  be r a p id  n u c le o p h i l ic  
( i l ic h a e l)  a d d i t io n s  to  th e  double bond, in d i c a t in g  th e  e le c t r o n  d e n s i ty  o f  th e  
v in y l  group to  be d e p le te d  by th e  p h o sp h acy l g roup , much in  th e  m anner o f  an 
o C ,B -unsa tu ra ted  c a rb o x y lic  e s t e r .  Tims p ip e r id in e  a d d i t io n  to  v in y lp b o sp h o n a te s  
and s im i la r  system s y ie ld s  p - p ip e r id in o e th y l  organophosphorus compounds 
( e q u a tio n  1 6 ) .  A d d itio n  o f  e l e c t r o p h i l i c  a g e n ts  such a s  c h lo r in e  and brom ine 
was found to  be d i f f i c u l t ^ *
o  o
IIO  +  c h  ^ H - p f o c g ^  O - c h c h / ^ c^
The r a t e  o f a d d i t io n  o f th e  n u c le o p h i l ic  a g e n ts  v a r i e s  w ith  th e  n a tu re  o f  th e  
g roups lin k e d  to  p h o sp h o ru s, and in c r e a s e s  w ith  in c r e a s in g  e l e c t r o p h i l i c  
c h a r a c te r  o f  th e  s u b s t i t u e n t .  Thus a d d i t io n  o f p ip e r id in e  to  (LXX; R ~  C^B^) 
ta k e s  p la c e  w ith  a  v io l e n t  exo therm ic  r e a c t io n ,  w hereas a d d i t io n  to  (LXXI;
( 16)
R r= C.K0) r e q u i r e s  p ro lo n g ed  h e a t in g .4 y
/ R  / O R
CH = C  H— p f  C H ==C H— PC2 \  2 \R OR
( l x x i i ) ( l x x i i i )
V in y l compounds o f  t r i v a l e n t  phosphorus (LXXIl) and (LX X IIl) a l s o
found to  add p ip e r id in e  in  th e  |3 -p o s i t io n  5 , In  t h i s  case  B- o r i e n t a t i o n  m ust 
a ls o  be due to  th e  c o n ju g a tiv e  p a r t i c i p a t i o n  o f  d - o r b i t a l s  o f  th e  p h o sp h o ru s  
atom , j u s t  a s  h as  been o b serv ed  in  v in y l s i l a n e s .
86A nalysis o f  spectroscop ic data fo r  vinylphosphorus compounds , however,
in d ic a te s  the absence o f conjugation in  th ese  m olecules. The absorption
maximum in  the u lt r a v io le t  reg io n , as compared with th a t o f 1-hexene, was found
to  be e ith e r  unchanged or s l ig h t ly  sh ifted  to  shorter wavelength. Molar
absorption c o e f f ic ie n t s  are a lso  l i t t l e  a ffe c te d . S im ilar r e s u lt s  were
obtained from in frared  and Raman sp ectra , and from molar re fra c tio n  s tu d ies .
86Kabachnik suggested tha t the apparent con trad iction  o f  chem ical and
spectroscop ic evidence may be due to the magnitude o f the e f f e c t  a n tic ip a ted .
O ptical methods rev ea l the presence or absence o f  strong in te r a c tio n s
corresponding in  energy to quanta o f  e lec tr o n ic  or v ib r a tio n a l e x c ita t io n s .
Chemical evidence, however, i s  s e n s it iv e  to weaker in te r a c t io n s , the energy o f
which though lower, i s  high enough to  a f fe c t  markedly the rea c tio n  con stant or
the equilibrium . The apparent con trad iction  thus a r ise s  due to  the f a c t  th a t
th e  conjugation i s  too weak to be observed sp ec tro sco p ica lly , but i s  strong
enough to  be detected  by more s e n s it iv e  chemical means.
The p o s s ib i l i t y  that the weak in te r a c tio n s  in  question  should be rea d ily
revea led  radio sp ectro sco p ica lly  (s in c e  the quantum energy o f rad io  freq u en cies
i s  considerably lower than th a t o f the o p t ic a l  range), was in v e s t ig a te d  by .
Kastrukova and Melentyeva in  co llab ora tion  w ith Yoevodsky and Solodovnikov.
ftVHein e t  a l  had shown p rev iou sly  th at triarylphosphine oxides and t r ia lk y l-
88phosphine oxides form w ith potassium in  tetrahydrofuran, the so -c a lle d  
nphosphylsn o f  the m eta l-k eta l type (LXXIV).
R P = 0  +  K ---------- > R P — OK3  3
(LXXIY)
The E.P.R. spectrum o f potassium triphenylphosphine oxide (IXXXY; E = C^Th) 
r e v e a ls  the spin o f  the unpaired e lectron  to be d e lo c a lise d  in  a l l  th ree r in g s ,  
and the m olecule i s  thus presented as a s in g le  conjugated system . The spectra
o f  p o ta ss iu m  d im e th y lp h en y lp h o sp h in e  o x id e  and p o ta ss iu m  m e th y ld ip h en y lp h o sp h in e
o x id e  s im i la r ly  i n d i c a te  d e l o c a l i s a t io n  o f  th e  sp in  o f  th e  u n p a ire d  e le c t r o n
86i n  th e  pheny l r i n g s .  I t  was th u s  concluded  th a t  phosphorus p a r t i c i p a t e s  in  
c o n ju g a tio n  and  i s  n o t  a  h a r r i e r  d is c o n n e c tin g  c o n ju g a te d  r e g io n a l  systems-. 
The c o n ju g a tio n  m u s t, how ever, he c l a s s i f i e d  a s  a  weak in t e r a c t i o n .
N
R
( lxxv)
. p = o ■P— o
(LXXVI)
( l x x v ii)
U.V. ev idence f o r  a  P f i—~ d ^  c o n ju g a tiv e  i n t e r a c t i o n  in  h e t e r o a r y l -
8Qpho sp h in e  o x id e s  was o b ta in e d  hy G r i f f in  e t  a l  y . The ap p ea ran ce  o f  a b s o rp tio n  
hands a t  237*5 m p f o r  t r i - ( 2 ~ p y r r o ly l )  pho sp h in e  o x id e  (LXXV; R = H) and 243 EUl 
f o r  t r i - 2 -(1  -m e th y lp y rro ly  1 )phosph ine o x id e  (LXXV; R =s GIL) r e p re s e n te d  
hathochrom ic s h i f t s  r e l a t i v e  to  th e  p a r e n t  h e te ro a re n e s  o f  26*5 mp and 35 n p  
r e s p e c t iv e ly .  The hypsochrom ic s h i f t s  f o r  (DCTV; R ~ H and R CH-) r e l a t i v e  to  
th e  2 -c a r  bony 1 s u b s t i tu t e d  p y r ro le s  in d ic a te d  t h a t  th e  d eg ree  o f  c o n ju g a tio n  in
(LXXV; R = H and R = CHp i s  much w eaker.
S im ila r  c o n c lu s io n s  were o b ta in e d  from th e  spectrum  o f  t r i —( 2 -f u r y  1) -  
phosph ine o x id e  (LXXVl). The in t e n s e  a,bsoi*ption a t  238 nm r e p r e s e n te d  a  33 n p  
hathochrom ic s h i f t  o f  th e  p rim ary  a b s o rp tio n  band o f  th e  p a r e n t  h e te r o c y c le .
In  t h i s  in s ta n c e ,  how ever, th e  hathochrom ic s h i f t  r e l a t i v e  to  th e  p a r e n t  a re n e  
i s  a lm ost a s  la rg e  a s  t h a t  produced by a  c a rb o x y l g ro u p .
The c o n ju g a tiv e  i n t e r a c t i o n  in  th e  c a se  o f  t r i~ ( 2 ~ th ie n y l )  pho sp h in e  o x id e  
(LXXVIl) i s  l e s s  a p p a re n t .  The hathochrom ic s h i f t  (7 mp) r e l a t i v e  to  th io p h e n  
i s  o n ly  s l i g h t l y  g r e a te r  th a n  t h a t  p roduced  by a  t y p i c a l  in d u c t iv e  s u b s t i t u e n t  
(2~brom othiophen, A \ = 4 * 5  m u), and much l e s s  th a n  s h i f t s  p rod u ced  by c a rb o n y l 
s u b s t i tu e n ts  ( a \ =  37*5 ~ 47*5 nip).
OR
OR
(lxxix)
90 1A d e ta iled  a n a ly s is  has "been made o f  the H n .m .r. spectra  o f  the above
pho sphine oxides (LXXV), ( LXXVl) and (LXXVIl) and o f the r e la te d  dim ethyl- 
(2-furyl)phosphonate (LXXVIII; H = CH )^ and d im ethyl-(2-thienyl)phosphonate  
(LXXIX; R = CH^), and the chemical s h i f t  data has been used to in d ic a te  the
presence o f  p^  d^bonding in  these heteroarylphosphorus compounds.
S u b stan tia l d esh ie ld in g  o f  H(5) in  (LXXVl) -  (LXXIX) was in terp reted  as a
r e f le c t io n  o f  p^- (^ in ter a c tio n s , represented by the con trib u tion  o f
canonical form (c) (Scheme IV) to the resonance hybrid. D esh ield in g  o f  H(3) 
in  (LXXVl) -  (LXXIX) r e la t iv e  to the parent heteroarene was a lso  observed, 
p o ss ib ly  in d ic a tin g  the contribu tion  o f  form (B); w h ils t  the chem ical s h i f t  o f  
H(4) was found to  be qu ite  in s e n s it iv e  to the presence o f  su b stitu en ts  a t C (2).
o J L - •  &
o- o-
+ x Y y = :
(A) (B)
•X
A (c)
Scheme IV
'O i:x-+ O - R•X' C = p "■x-+
(D)(I1) (E)
The in crease  in  so lven t p o la r ity  r e s u lt s  in  greater decreases in  chem ical 
s h i f t  a t  H(5) than fo r  any other r in g  proton. On the b a s is  o f  the concept o f
a pft d ^ in teraction , the canonical form (c) p o ssessin g  the g r e a te s t  degree
o f  charge separation , would be expected to be in cr ea s in g ly  s ta b il is e d  compared 
w ith  the o th er charge separated stru c tu res , ( b ) ,  (D ), (E) and (E ).
In contrast to the behaviour o f  the pho sphonylated furans and thiophen s ,
the chem ical s h i f t s  o f  H(5) and H(5) o f the pho sphonylated p yrroles (LXXV;
R = H and R = CH )^ are' almost the same as those observed fo r  the parent arene.
The r e s u lt s  thus in d ic a te  p a —  d^ bonding to  be a more important determinant 
1o f H parameters fo r  the 2-fury 1 and 2 -th ie n y l compounds than fo r  th e ir
2 -p yrro ly l analogues, an observation contrary to tha t based on u lt r a v io le t  
89spectroscopy • Consequently, i t  would appear th a t th e con trib u tion  o f
stru ctu res (B) -  (D) (Scheme IV) to  the ground and ex c ited  s ta te s  o f th ese
m olecules are, as would be expected, su b sta n tia lly  d if fe r e n t .
On the b a s is  o f t h is  data i t  i s  o f  in te r e s t  to consider th e  r e s u lt s  o f  
91 92A llen  e t  a l  * , who reported the e f f e c t  o f p o s s ib le  p a  —  dA bonding to be
o f  l i t t l e  consequence in  the determ ination o f  the r a te s  o f a lk a lin e  o f  
2 -th ie n y l-  and 2-furylphosphonium s a l t s .  In t h is  case the in d u ctiv e  e f f e c t  o f  
the su b stitu en ts , due to  the e lec tro n eg a tiv e  heteroatom, was shown to  
predominate. I t  was o f  in te r e s t  th erefo re , in  view  o f  the d if fe re n c e s  in  
mechanism which e x is t  fo r  n u c leo p h ilic  displacem ent rea ctio n s a t  phosphonium 
and phosphacyl cen tres , to  in v e s tig a te  the e f f e c t s  o f  p o ss ib le  
conjugation and o '-in d u ctive  electron-w ithdraw al by heteroary l su b stitu e n ts  on 
the chem istry o f  some heteroarylphosphacyl compounds.
Phosphonium s a l t  chem istry has a lso  in d icated  a s ig n if ic a n t  d iffe r e n c e  in  
the nature o f p y r ro ly l compounds compared w ith  th e ir  fu r y l and th ie n y l  
analogues. Thus pyrrolylphosphacyl compounds have been included in  the study  
in  order to extend t h is  in te r e s t in g  comparison to oth er organophosphorus 
d e r iv a tiv e s .
5.2 The Synthesis o f Heteroarylphosphonate E ster s .
A number o f phosphonates bearing h e te r o cy c lic  su b stitu en ts  a t  phosphorus 
have been prepared, and much o f the e a r lie r  work concerning the sy n th es is  and 
p rop erties  o f th ese  compounds has been covered in  a review  by Redmore •
G riffin  e t  a l ^  reported the sy n th esis  o f  d im ethyl-(2-furyl)phosphonate
(LXXVIII; R = CIL) and dim ethyl-(2~thienyl)phosphonate (LXXIX; R = CH^ ) by the
p h o to ly s is  o f  the h eteroary l io d id es  in  the presence o f triraethylphosphite.
In view o f  the good y ie ld s  obtained fo r  a number o f su b stitu ted  phenyl-
phosphonates by t h is  method, i t  was suggested th a t the poor y ie ld s  o f (LXXVIII;
R = CH^ ) and (LXXIX; R = CH^ ) were probably due to  the p u rity  o f  the h etero a ry l
io d id es  and p o ss ib ly  p h o to ly tic  in s t a b i l i t y  o f  the heteroarylphosphonate
products. Other ary l io d id e s  which f a i le d  to g iv e  the required products by
t h is  method included 2-iod oquinolin e fo r  which a n on -characterisab le  product
was obtained, and ortho- and meba-iodonitrobenzenes in  which the in terv en tio n
o f a n itren e  was suspected .
The preparation o f arylphosphonates by the r ea c tio n  o f arom atic iodo or
bromo compounds w ith excess tr ia lk y lp h o sp h ite  in  the presence o f copper a t
95elevated  tem peratures, was reported by Tavs e t  a l  , Phosphonates obtained by 
th is  procedure included the d ie th y l e s te r s  o f phenyl-, p ~ to ly l~ , p-ch lorophenyl— 
and 2-naphthylphosphonic a c id s , A fr e e  r a d ic a l mechanism was suggested fo r  
the rea c tio n .
An a lte r n a tiv e  to th is  approach in v o lv es  the preparation o f  a number o f
vinylphosphonates and arylphosphonates by the rea ction  between tr ia lk y  lpho sp h it e
and organic h a lid e , a t  elevated  tem peratures, in  the presence o f n ic k e l
96 97ch loride as a c a ta ly s t  9 • Compounds obtained by th is  method included the
d ie th y l e s te r s  o f a s e r ie s  o f su b stitu ted  phenylphosphonic a c id s , d ie th y l-
(2-naphthyl)phosphonate, and d ieth y l-(2 -th ien y l)p h osp h on ate  (LXXIX; R = CgH )^
which was obtained in  88% y ie ld .  The rea ction  between phosphonate e s te r  and
a lk y l h a lid e  in  the presence of n ic k e l ch lor id e  to  g ive the corresponding
97phosphinate was a lso  reported . Thus the ad d ition  o f diethylphenylphosphonate  
to  a suspension o f n ic k e l ch lor id e  in  2-bromothiophen a t  160°, gave e th y lp h en y l- 
(2—thienyl)phosphinate (LXXX; R = which was la te r  hydrolysed to  phenyl-
( 2 - thienyl)phosphinic acid  (LXXX; R = E),
( lxxx)
A s im i la r  method to  th e  above f o r  th e  p r e p a r a t io n  o f  v i n y l - ,  and s u b s t i tu t e d
°8phen y lp h o sp h o n a tes  has been  r e p o r te d  by l ia r  t i n ' '  . In  t h i s  c a se  th e  compounds 
w ere p rep a red  by th e  r e a c t io n  a t  e le v a te d  te m p e ra tu re s  o f  t r i a lk y I p h o s p h i t e  
and o rg a n ic  h a l id e  o v e r p a llad iu m  c h lo r id e  o r  p a llad iu m  a c e t a t e ,
A f u r t h e r  a v a i la b l e  ro u te  to  phosphonate  e s t e r s  b e a r in g  2 - th i e n y l  
s u b s t i tu e n ts  a t  phosphorus i s  made a v a i la b le  by th e  F r ie d e l - C r a f t  r e a c t io n  o f  
phosphorus t r i c h l o r i d e  end th io p h e n  in  th e  p re sen ce  o f  s ta n n ic  c h lo r id e  to
QQg iv e  2 -th ien y lp h o sp h o n o u s  d ic h lo r id e  (LXXXI) in  50/o y ie ld "  . T h is  p ro ced u re  
i s  a  m o d if ic a t io n  o f  t h a t  d e s c r ib e d  by S a c h s ^  in  1892, The phospho rous 
d ic h lo r id e  can be co n v erted  by s ta n d a rd  tr a n s fo rm a tio n s  i n to  a  s e r i e s  o f  
d e r iv a t iv e s '^  ^  ^  (Scheme V ),
o
>-P C  I
( lxxxi) *
SnCl
Q -
Scheme V
In  p r i n c i p l e ,  th e  r e a c t io n  o f  p h o sp h o ry l c h lo r id e  o r  d ia lk y lp b o s p h o ro -  
c h lo r id a te s  w ith  one e q u iv a le n t  o f  G rig n ard  o r  l i th iu m  r e a g e n t ,  sh o u ld  y i e l d  a  
phosphonic a c id  d ih a l id e  o r  d i e s t e r .  In  p r a c t i c e  t h i s  i s  n o t  r e a d i ly  a c h ie v e d ;
the product phosphonic acid  d er iv a tiv e  competes w ith the s ta r t in g  h a lid e  fo r  
reaction  w ith the organom etallic reagen t, so th a t a complex product mixture 
r e s u lt s .
101In 19519 Burger and Dawson found th a t the add ition  o f  d ie  thy lpho sphoro- 
ch lor id a te  to  arylmagnesium h a lid e  caused a rea ctio n  which could not be ha lted  
before the triaxylphosphine oxide stage was reached. The y ie ld s  based on the 
amount o f a ry l h a lid e  used were between 33% and 75%* Phenylmagnesium bromide 
and d ie  thy lpho sphoroch loridate furn ished tripheny lpho sphine ox id e , and the 
corresponding phosphine oxides were s im ila r ly  obtained from the r ea c tio n s  o f  
p-ch lorophenyl-, p - t o ly l - ,  p -b ip h en yl-, 2 - th ie n y l- ,  and 2-naphthyImagnesium 
bromides. Addition o f  d iethy lpho sphoroch loridate to arylmagnesium h a lid e  
protected  s t e r ic a l ly  by an ortho su b stitu en t, however, was found to  g iv e  
dialkylarylphosphonate. In t h is  manner o -ch lorop h en yl-, o - t o ly l - ,  o -b ip h en y l-, 
and naphthalene-1-pho sphonates were obtained from the corresponding Grignard 
reagen ts. I t  was a lso  found th a t s t e r ic a l ly  hindered or unhindered a r y l­
magnesium h a lid es  or a ry l-lith iu m  compound could be converted to  e s t e r s  o f  
phosphonic acids by "reverse add ition" , i . e .  the addition  o f  Grignard reagent 
or a ry l-lith iu m  d e r iv a tiv e  to the d ialkylphosphoroch loridate; d ie th y lp h en y l-  
phosphonate and d i e thy 1 -p -to ly  lpho sphonat e were prepared by th is  method.
OMgXCl
(a) AzMgX + (R0)2P0C1 — => ArP(OR)2
(LXXXII)
GMgX <I(b) LXXXII + ArKgX  > Ar2P(0R)Cl + ROIlgX
(LXXXIII)
H? °(c )  LXXXIII + ArKgX --------- > Ar^PCciJOKgX----------Ar^ PO + IagXCl
Scheme VI 
102Purther to  th e ir  study, Burger and Dawson suggested p o ss ib le  complex 
form ation and stepw ise displacem ent in  the in te r a c tio n  o f arylmagnesium h a lid e
w ith d ia lk y  lpho sphoroch loridate* The mechanism (Scheme V i) was based on the
103observation o f Swain and Boyles th a t the reduction o f  d iiso p ro p y l ketone 
w ith n-propylmagnesium h a lid e  could be g rea tly  in h ib ited  by complexing the  
ketone w ith  magnesium bromide and allow ing the complex to  r ea c t w ith the  
Grignard reagent*
o i
OCH2  5 - p = o‘N
R 'O C H  R(lx x x iv ) 2  5  J3  (lx x v )
G riffin  e t  a l ^  reported the sy n th esis  o f d ieth y l-(2 -p yrro ly l)p h osp h on ate  
(LXXXIV; B = H) by the reverse  ad d ition  o f pyrrolylmagnesium bromide to  
d ie  thy lpho sphorochloridate. The 1-m ethyl analogue (LXXXIV; R =  GH^ ) was 
s im ila r ly  prepared by the add ition  o f  2 -(1 -m eth y lp yrro ly l)-lith iu m  to d ie th y l-  
phosphorochloridate; in  th is  case , however, b r ie f  reaction  tim es were necessary  
to prevent the formation o f tr i-2 -(l-m eth y lp yrro ly l)p h osp h in e  oxide (LXXV;
R = CEL). The attempted a c id ic  h yd ro lysis  o f (LXXXIV; R = H), both a t r e f lu x  
and room tem peratures, led  to the form ation o f  resinou s m a ter ia l. B asic  
h y d ro ly sis , however, led  to q u a n tita tiv e  dephosphonation o f  (LXXIV; R = H), 
y ie ld in g  pyrro le  (70%) and 2-e th y lp y rro le  (28%). This r e s u lt  i s  unusual 
s in ce  previous cases o f  carbon-phosphoriis bond cleavage under b a s ic  co n d itio n s  
had been shown to involve compounds p o ssessin g  an electron-w ithdraw ing group
105in  c lo se  proxim ity to  the phosphonyl group, notably a ia lk y  la cy  lpho sphonat e s  ,
106 072 -ch lo ro a lk y l- , and p-nitrobenzylphosphonic a c id s . The mechanism
preferred by G r iff in ^ ^  (Scheme V II) involved the formation o f  the anion (LXXXV).
Protonation o f  (LXXXV) a t the 2 -p o sit io n  would y ie ld  the p yrrolen ine (LXXXVl),
which could e ith e r  undergo proton a b straction  to regenerate (LXXXV) or c o lla p se
w ith carbon-phosphorus bond c leavage, to  g ive  the aromatic anion (LXXXVIl),
and the ion  (LXXXVIIl).
o o o
H
(lxxxiv) (LXXXV)
(l x x x v iii) (LXXXVII)
H p
+P(OC2H5)2 + O '  —  ^ ^ ( OC2H5)
(lxxxvi)
Scheme VII
Formation o f  2—ethylp yrro le  was explained hy an a lte r n a tiv e  mode o f co lla p se  
o f (LXXXV) (Scheme V III) . Attack o f  the n egative  charge at the 2 -p o s it io n  o f  
(LXXXV) on an 0 -e th y l group would lead  to  the pyrrolen ine (IXC), which could  
undergo s c is s io n  to form (XC) and (XCl). Protonation o f  (XC) and hydration o f  
(XCl) would lead to  2 -eth y lp yrro le  and monoethylphosphate.
2  5Q t- P - O C H
9 * S 9
3
(LXX3CV)
O
o
R— OCH,
C H . (IXC)
+
(XCl)
P c2hsV + a - CH 2  5 (xc)
Scheme VIII
A s im ilar  p rocess to  the above had p rev iou sly  been demonstrated by Szmuszkovicz 
who showed th a t a lk a lin e  h yd ro lysis  o f d i e t h y l - / - ( 3 -in d o ly l)  -X-ke top rop yl-  
phosphonate (XCIl) leads to  the form ation o f a monobasic a c id , e t h y l - / -  
j^ 5“ (l-ethylindolyl)j-)^ -ketopropylphosphonate (X G IIl), as the major product.
108
C onversion  o f  (X C Il) to  i t s  N -anion  by b a se , fo llo w ed  by th e  a lk y la t i o n  o f  th e  
an io n  by th e  d i  a lk y  lpho sphonat e , was p o s tu la te d  a s  th e  c o u rse  o f  th e  r e a c t io n .
o  o  _  _ , .  o  o
II 11/  2 5 ^  II II/ = \  X C H C H P \  F = \ X C H C H R/  /)---- ') O \  /  — rTi  o  2 2 x o c h  i / r t  2 2 - o h
V  N \ k  (X CIl) 2  5   ' N ' nK  ( x c i x i )H CH_2 5The r o l e  p roposed  f o r  h y d ro x id e  io n ,  s o le ly  f o r  th e  g e n e ra t io n  o f  th e
an ion  (LXXXV) in  th e  depho sp h o n a tio n  p ro c e s s  o f  (LXXXIV; R = H), r e c e iv e d
su p p o rt from  th e  b eh av io u r o f  d i  e t h y l - 2- (1 -me th y lp y r ro  ly  l)p h o  sp h o n a t e (LXXXIV;
R = GIL) w ith  b a se . T rea tm ent o f  (LXXXIV; R = CEL; w ith  r e f lu x in g  10%  aqueous
sodium hyd ro x id e  gave th e  mono e s t e r  (XCIV), th e  norm al p ro d u c t o f  th e  b a s ic
109tre a tm e n t o f  d ia lk y la ry lp h o sp h o n a te s  .
OH
OC H
(XCIV)
In  th e  p r e s e n t  s tu d y , d ie th y l - 2 - (  1 -m e th y lp y rro ly l)p h o sp h o n a te  (LXXXIV;
R = CHy was p rep a red  by th e  re v e r s e  a d d i t io n  o f  2-(1  -m e th y lp y r ro ly l )  - l i th iu m  
to  d ie th y lp h o s p h o ro c h lo r id a te  a t  i c e - b a th  te m p e ra tu re , a c c o rd in g  to  th e
p ro ced u re  d e s c r ib e d  by G r i f f in  e t  a l ^ “r. In  t h i s  method, th e  2 -(1 -m ethy  1 -
N 110 111 p y r r o ly l ) - l i th i u m  was g e n e ra te d  by th e  a d d i t io n  o f  n - b u ty l - l i t h iu m  to
1 -m e th y lp y rro le  in  e th e r ,  and th e  r e s u l t i n g  m ix tu re  h ea ted  u n d e r r e f l u x .  G jds
•j ^ o  ^
and G ronowitz % how ever, re p o r te d  t h a t  h ig h e r  y i e ld s  o f 2 - ( l - m e th y lp y r r o ly l ) -  
l i th iu m  a r e  o b ta in e d  when th e  above a d d i t io n  ta k e s  p la c e  i n  th e  p re s e n c e  o f  
te tra m e th y le th y le n e d ia m in e . A com parison o f  th e  two m ethods, i n  th e  p r e s e n t
s tu d y , confirm ed  t h i s  r e s u l t ,  fu r th e rm o re , no m e ta l  exchange was o b se rv e d  to
take p la c e  i n  the r e a c t io n  betw een n - b u ty l - l i t h iu m  and 1-m e th y lp y r ro le  i n  a 
l ig h t-p e t ro le u m  s o lv e n t .
A n a ly s is  o f  th e  phosphonate  p ro d u c t by g . l . c .  in d ic a te d  a  m ix tu re  
c o n ta in in g  J tyo  o f  th e  r e q u ire d  e s t e r  (LXXXIV; R = C ly ). A s im i la r  r e s u l t  was
obtained from a n a ly s is  o f  the in tegrated  peak in t e n s i t ie s  o f  the n .m .r.
spectrum, in  which an excess o f  P-O-C^Hj- protons were in d ica ted . P in a l
p u r if ic a tio n  o f  the product was e ffe c ted  by repeated d i s t i l l a t io n  through a
spinning-band column. The id e n t ity  o f the im p u rities  was not in v estig a ted
104fu rth er . G r iffin  e t  a l  , however, reported the is o la t io n  o f  t r i e  thy lpho sphate 
from t h is  rea c tio n , and thus i t  i s  p o ss ib le  th a t cleavage o f th e  eth er so lv en t  
by the a ry l-lith iu m  reagent tak es p la ce , the subsequent rea ctio n  o f  the cleavage  
products w ith d ie  thy lpho sphoroch loridate may then g iv e  r is e  to im p u rities .o
11 / - O C H6  5
•NK  CH X OCH
J (xcv) 6 5
D iphenyl-2-( 1 -m ethylpyrrolyl)phosphonate (XCV) was s im ila r ly  prepared by 
the reverse add ition  o f 2 -(1 -me thylpyrro ly l) - l i th iu m  to dipheny lpho sphoro­
ch lorid ate  in  eth er . Removad o f  the so lven t in  the la t t e r  stages o f  the  
preparation produced a brown o i l  which slow ly s o l id if ie d  on stand ing. Attempted 
re c r y s ta ll is a t io n  from n-hexane produced a ye llow  o i l ,  but decantation  and 
seeding o f  the hexane w ith  tripheny lpho sphate gave white c r y s ta ls ,  which a f te r  
further r e c r y s ta l l is a t io n  melted sharply a t 73°«o OR
c k  r \ OR(uccvm)
The production o f 2 -fu ry  1-lith iu m  by the rea c tio n  o f n -b u ty l-lith iu m  and
115furan in  ether was reported by Levine e t  a l  . The reverse a d d itio n  of  
2-fu ry  1-lith iu m , obtained by t h is  method, to  dipheny lpho sphorochloridate in  
the attempted preparation o f  diphenyl- (2 -fu ry l)p ho  sphonate (LXXVIII; R = G^H )^ 
led  to the form ation of a v isco u s o i l .  R e c r y s ta llisa tio n  from a range o f  
so lv en ts  and attempted separation  o f the complex rea c tio n  m ixture by column 
chromatography f a i le d  to produce a ch a racter isab le  product, w h ils t  attempted
d i s t i l la t io n  o f  the o i l  led  to  ex ten sive  decom position and the form ation o f
phenol. The equ ivalen t rea c tio n  u sin g  2~fury 1 -lith iu m  produced by the rea ctio n
o f  pheny 1 -lith iu m  and furan in  ether, gave sim ilar  r e s u lt s .  Separation o f  th e
m ixture produced from th is  rea c tio n  in to  a number o f components, however, was
achieved by th in -la y e r  chromatography, u s in g  a 10% eth y l acetate-hexane e lu tio n
so lv en t. The most in ten se  band obtained as a r e s u lt  o f the sep aration  was
extracted  and re c r y s ta ll is e d  from n-hexane, to  g ive  w hite c r y s ta ls  m elting
sharply a t  49° • The compound was subsequently id e n t if ie d  as tripheny lpho sphate 
114 o( l i t e r a tu r e  , m.p. 49 ) •  The e x tin c tio n  o f  a  second band produced a yellow  
o i l  which could n ot be induced to  c r y s t a l l i s e .  Examination and comparison o f  
the n .m .r. spectrum o f th is  compound w ith th a t o f authentic  m a ter ia l, however, 
in d ica ted  the product to  be tr i-(2 -fu ry l)p h o sp h in e  oxide (LXXVl).
The is o la t io n  o f  tripheny lpho sphate and tr i-(2 -fu r y l)p h o  sphine oxide from 
the rea ctio n  mixture thus p o ss ib ly  in d ic a te s  reaction  between the phosphonate 
product (LXXVIII; R = G^H )^ and organom etallic reagent w ith the exp u lsion  o f  
phenate anion to form pho sphine ox id e . Reaction between dipheny lpho sphoro­
ch lor id ate  and the phenate anion, thus produced, must then take p lace  to g iv e  
the triphenylphosphate. Evidence in  favour o f  such a proposal i s  presented  in
pqa paper by G riffin  e t  a l  , in  which tr i-(2 -fu r y l)p h o  sphine oxide i s  prepared
by the rea ctio n  between d iethy lpho sphoroch loridate and 2-fu ry  1 - lith iu m .
115Prelim inary experiments by Shepard e t  a l  in d icated  the preparation  o f
1152-furylmagnesium bromide to take p lace w ith d i f f i c u l t y .  I t  was reported
th a t an e th erea l so lu tio n  o f  2-bromofuran did n ot rea ct w ith magnesium nor
w ith magnesium activ a ted  by heatin g  w ith io d in e . Some rea c tio n  was observed
116w ith a magnesium-copper a llo y  p rev iou sly  heated w ith io d in e , but i t  was 
noted th a t a considerable excess o f magnesium remained un disso lved  whm th e
117rea ctio n  had subsided. Gilman e t  a l  , however, reported the ready form ation  
o f  2-furyImagnesium iod id e  from the r e la t iv e ly  u n stab le  2-iodofuran (XGVl).
QCELCO ~lla+
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V
Vacuum d i s t i l l a t i o n  
to  separate products
Scheme XX (xcvi)
118The method described by Gilman and Wright (Scheme IX) fo r  th e  
preparation o f  2-iodofuran (XCVl), involved the reaction  o f  furan w ith  m ercuric 
ch loride-sodium  a ceta te  in  $5% ethan ol. T he.cooled, t ig h t ly  stoppered f la s k  
was then s e t  a sid e  to  allow  p r e c ip ita tio n  o f the mixture o f  2-ch lorom ercurifuran  
(XCVIl) and 2,5-dich lorom ercurifuran (XCVIIl). The rea c tio n  o f  iod in e-p otassium  
iod id e  so lu tio n  w ith the mixture o f  (XCVIl) and (XCVIIl), fo llow ed  by steam 
d i s t i l l a t io n ,  led  to a mixture o f  iodofurans from which 2-iodofuran was 
separated by vacuum d i s t i l l a t io n  from calcium  ch lor id e , w ith much decom position. 
In the present study, improved y ie ld s  o f 2-iodofuran were obtained when 
2-ch lo  romer curifur an (XCVIl) was extracted  from the mixture o f m ercu rica ls w ith  
hot ethanol in  which (XCVIIl) i s  in so lu b le . Treatment o f  the p u r if ie d  
2-ch lorom ercurifuran with iodine-potassium  iod id e  fo llow ed  by steam d i s t i l l a t i o n
then gave a reasonably pare sample o f  2-iodofuran (XCVl) without the need fo r  
fr a c t io n a l d i s t i l l a t io n .  The 2-iodofuran (XCVl) thus prepared, was immediately 
d ilu ted  w ith eth er , s in ce  i t  i s  r e la t iv e ly  more stab le  in  so lu tio n . .After 
drying, the ether so lu tio n  was used fo r  the preparation o f  the corresponding  
Grignard reagen t.
The reverse  add ition  o f  2-fury Imagne sium io d id e  to  dipheny lpho sphoro- 
ch lor id a te  fo llow ed  by treatment under the u su a l reaction  co n d ition s and work 
up, resu lted  in  a brown o i l  which slow ly  s o l id i f ie d  on standing. 
R e c r y s ta llisa tio n  from n-hexane produced white n eed les m eltin g  a t  50° •
The reaction  o f  2-fury Imagne sium io d id e  and d ie  thy lpho sphoroch loridate  
under a v a r ie ty  o f  con d ition s and rea ctio n  tim es r esu lted  in  th e  form ation o f  
a complex reaction  m ixture. Vacuum d i s t i l l a t i o n  o f the crude m ixture took 
place w ith notable r e s in if ic a t io n  in  the d i s t i l l a t io n  f la s k , and poor y ie ld s  
of the required phosphonate e s te r  (LXXVIII; R = O^R )^ were is o la te d . .Analysis 
of each fr a c tio n  thus obtained, in d icated  the presence o f  a number o f  components; 
in  some cases a s  many as s ix  components were observed. Products w ith  improved 
p u rity  were, however, obtained from the analogous r ea c tio n  employing 2 -fu r y l-  
lith ium  as the organom etallic reagent. R e d is t i l la t io n  o f the products obtained  
from th is  reaction  y ie ld ed  fr a c tio n s  contain ing^ -J0% o f the required d ie th y l-  
(2-furyl)phosphonate (LXXVTII; R = G^H^), together w ith a number o f  components, 
as in d icated  by g . I . e .  and a n a ly s is  o f the in tegrated  peak in t e n s i t i e s  obtained  
from the n .m .r. spectrum. K icro a n a ly tica lly  pure d i e thy l - ( 2 - f u r y l )  pho sphonate 
was, however, only  obtained fo llo w in g  preparative g . l . c .  separation  o f  th ese  
samples. o
I U - OR
P\  x OR
(lxxec)
In co n tra st, the reverse  add ition  o f 2-thienylmagnesium bromide to  an 
eth erea l so lu tio n  o f  d ie  thy lpho sphoro ch loride, te  a t r e f lu x  tem perature, fo llow ed
by treatment under the u sual rea ctio n  con d ition s and work up, produced an o i l  
which d i s t i l l e d  a t a steady temperature to g iv e  d ie th y l-(2 -th ien y l)p h o  sphonate • 
(LXXIX; R = in  good y ie ld . G .l .c .  a n a ly s is  o f the product in d ica ted  the
absence o f  im p u rities , and a sa t is fa c to r y  micro a n a ly s is  was obtained w ithout 
the need fo r  fu rth er p u r if ic a t io n .
Diphenyl- ( 2 -th i enyl) pho sphonate (LXXIX; R -  C^H )^ was s im ila r ly  prepared 
in  high y ie ld  by the analogous reaction  w ith dipheny lpho sphoroch loridate; 
removal o f  the so lven t gave a so lid  product which was r e c r y s ta l l is e d  from 
n-hexane to g iv e  c r y s ta ls , m elting  a t  75°*
In v estig a tio n  o f  the rea ctio n  o f 2 -th ien y  1-lith iu m  and the corresponding  
phosphorohalidate obtained d iphenyl- and d i e thy l - (  2 - th i enyl) pho sphonat e s , w ith  
fewer o f the troublesome sid e  products rece iv ed  from the analogous rea c tio n s  
o f 2-fury  1 - and 2 -(l-m eth y lp yrro ly l)-H th iu m  reagen ts. Thus samples o f  
(LXXIX; R s= G^ Hp. or o f s u f f ic ie n t  p u r ity , as in d ica ted  by g . l . c .  and
n.m .r. were obtained by e ith er  r e c r y s ta l l is a t io n  or r e d i s t i l la t io n  o f  the  
product. Reductions in  y ie ld s  compared w ith the rea c tio n s  o f 2 - th i eny Imagne sium 
bromide were, however, observed in d ic a tin g  the la t t e r  procedure to  be more 
e f f i c i e n t . o
/ = \  | u X ) R<D-< OR
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Die thy lpheny lpho sphonate (IG; R = G^ H^ ) was obtained by th e r e a c tio n  o f  
phenylpho sphonic d ich lo r id e  with ab solu te  ethanol in  benzene so lven t in  the
119presence o f  pyrid ine, according to the general method described by E bsolapoff • 
F iltr a t io n  o f  the so lu tio n  in  the la t t e r  stages o f  the procedure, fo llo w ed  by 
removal o f  the so lven t y ie ld ed  th e product which was p u r if ied  by vacuum 
d i s t i l l a t io n .  The p u rity  o f  the compound was checked by g . l . c .  and found to  
be>99Jopure,
Dipheny lphenylphosphonate (IG; It = C^H )^ was s im ila r ly  prepared by the  
reaction  o f  phenylpho sphonic d i ch lor id e  and phenol. Removal o f the benzene 
so lven t gave a white s o l id  which was r e c r y s ta ll is e d  from n-hexane, to g iv e  
c r y s ta ls  m eltin g  at 7 3 *5°•
3 .5  Studies o f  the Rate o f A lkaline H ydrolysis o f  D iethylheteroarylphosnhonate 
E sters.
(LXXVIIl)
R
(LXXXIV) (IC)
The k in e t ic s  o f a lk a lin e  h yd rolysis  o f  the d ie th y l e s te r s  o f 2 - fu r y l- ,  
2 -th i e n y l- , 2 - ( l  -m eth y lp y rro ly l)-, and phenylpho sphonic acids (LXXVIII, LXXIX. 
and IC; R = CpHr ) and (LXXXIV; R = CEL) in  50/'o aqueous dioxan have been stud ied  
by a t itr im e tr ic  procedure. The e s te r s  undergo h yd ro lysis  on treatm ent w ith  
one mole o f sodium hydroxide to give the h a l f - e s t e r s ,  and a second-order 
rate-law  i s  observed. The ra te  data i s  presented in  Table 3 . 1 . .
Table 5.1.
Second-Order Rate Constants fo r  the A lkaline H ydrolysis o f Phosphonate E sters  
in  Aqueous Dioxan (TOo v /v ; 0*1 M in  KCl).
R E ster NaOH Temperature ^obs
(H) (K) (°C) ( l  mol  ^sec   ^)
2-F uryl 0*05 0*05 59-7 4 .5 5  x  10” 3
o «05 o»05 49*9 2*44 x  10-5
Phenyl 0*05 0*05 59-7 9 .7 4  x  10“4
0*05 0*05 50*0 4*89 x  10~^
2-T hienyl 0*05 0«05 59.7 8*88 x  10"4
0 0 5 0*05 50*0 4 . 9O x 10”4
2-  (1 -H eth ylpyrroly l) 0 0 5 o«05 69*8 8*45 x  IQ""5
0*05 0*05 59 .8 5*81 x  10~5
The ra te  data r ev e a ls  sev era l fea tu res o f  in te r e s t . Over the temperai
range studied the r a te s  o f  h yd ro lysis  o f the diethylpho sphonate e s t e r s  are in
the order 2- fu r y l phenyl ^  2-th ie n y l^ >  2- (  1 -m eth y lp yrro ly l), the r e la t iv e
rates being 120 : 25 : 1 . The r e s u lt s  co n trast sharply w ith  previous data
91 92obtained fo r  the a lk a lin e  h yd ro lysis  o f  heteroarylphosphonium s a l t s  ’ fo r
which the o v e ra ll r a te s  o f  h yd ro lysis  were observed to  decrease in  th e  order
2- f u r y l 2- th ien y l^ >  2~(1 -m ethylpyrrolyl)^>  phenyl, the r e la t iv e  r a te s  being  
11 8o f  the order 10 : 1 0  : 5 ! 1 , The v a r ia tio n  o f the su b stitu en t e f f e c t s
must th erefore  be considered in  the context o f  d if fe r in g  s tru c tu ra l environments 
and a lso  the d iffe re n c e s  in  rea c tio n  mechanism.
As d iscussed  in  sec tio n  1.1 o f  t h is  th e s is ,  in  the a lk a lin e  h y d ro ly s is  o f  
phosphonium s a l t s  although the in d u ctive  e f f e c t  o f  su b stitu en ts  on the ad jacen t  
phosphorus atom i s  important in  the pre-equilibrium  stages o f th e r e a c t io n , a  
major contribution  to the r e la t iv e  r a te s  o f  a lk a lin e  h yd ro lysis  i s  made by th e  
r e la t iv e  s t a b i l i t i e s  o f  the departing carbanions in  the rate-determ in in g  step
91 92o f the rea c tio n . I t  has a lso  been shown th a t the e f f e c t s  o f p f i   djn:
bonding between the A -e le c tr o n  system o f  the h e te r o cy c lic  r in g  and the 
phosphorus 3d o r b ita ls  appear to be o f  l i t t l e  consequence in  in flu en c in g  the  
ra te  o f rea c tio n .
SFu o le o p h i lic  displacem ents a t phosphacyl cen tres have a lso  been shovm. to
be s e n s it iv e  to e lec tr o n ic  e f f e c t s  o f  su b stitu e n ts , and in  cases where
conjugative groups are linked to phosphorus large r a te  e f f e c t s  have been 
2 ^observed 1 . A p o ss ib le  explanation fo r  the r e la t iv e  r a te s  o f  a lk a lin e
h yd ro lysis  o f the above pho sphonate e s te r s  i s  thus th a t in  ad d ition  to  th e ir
a b i l i t y  to  act as o '-e lectron  acceptors, the h eteroary l su b stitu en ts  are
p o te n tia l TT-electron donors. A pfi —  dfi in ter a c tio n  between the p;^  o r b ita ls
o f the heteroary l r in g  and the 3d o r b ita ls  o f phosphorus may th erefore  take
ple.ce, and th is  in ter a c tio n  serves to le v e l  out the r a te s  o f  a lk a lin e  h yaro lysi
The u .v . absorption and n .m .r. spectroscop ic observations obtained by G r iffin  
89 90e t a l  ’ fo r  phosphorus compounds contain ing  2- f u r y l ,  2- t h i  enyl and
2-( l-m eth y lp y rro ly l) su b stitu en ts  would appear to support such an in te r a c t io n .
In ad d ition  to the e f fe c t s  wliich such an in tera c tio n  would have on the
r e la t iv e  r a te s  o f all: a lin e  hydro l 3rs i s  o f the above d ie  thy lpho sphonate e s t e r s ,
55work by Aksnes e t  a l  has shown th a t electron-withdraw ing su b stitu e n ts , which 
make the phosphorus atom more p o s it iv e , a lso  have the e f f e c t  o f in crea s in g  the  
strength o f the bond between phosphorus and the leav in g  group. Since the  
h yd ro lysis  reaction  in v o lv es  bond-breaking as w e ll a s bond-forelation in  the  
tr a n s it io n  s ta te , th is  e f f e c t  which in crea ses  w ith in creasin g  e le c tr o n e g a tiv ity  
o f  the su b stitu en ts  would a lso  serve to make more equal the r a te s  o f a lk a lin e  
h yd rolysis  o f  the above phosphorates.
The a c tiv a tio n  parameters fo r  the above a lk a lin e  h yd ro lysis  rea c tio n s  
have been ca lcu la ted  and are given in  Table 3*2..
Table 3 .2 .
A ctivation  Parameters fo r  the A lkaline H ydrolysis o f Pho sphonate Esters
b p( o) ( oc2h5) 2 .
E. ASA
(kJ mol“ 1) ( JK~1mol~1)
lo g 10 PZ
2-F uryl 56-4 - 121*0 6*5
2-Thienyl 54*8 -139*5 5*6
Phenyl 63*6 - 112*2 7-0
2-  (1 -M ethylpyrrolyl) 75*5 - 103*6 7*4
Examination o f the data in  Table 5»2. r ev ea ls  a s l ig h t  c o rr e la tio n  between
the a c tiv a tio n  parameters and the r e la t iv e  r a te s  o f r ea c tio n . Thus a decrease
in  the energy o f a c tiv a tio n  fo r  th e  h yd ro lysis  o f  the 2- f u r y l - ,  and 2- th ie n y l-
phosphonates appears to be compensated by in crea ses  in  the a c tiv a tio n  entropy
fo r  the rea ctio n s o f  the phenyl and 2 -(l-m eth y lp y rro ly l) analogues. Aksnes e t  
55a l  observed tha t in creases in  the ra te  o f a lk a lin e  h yd ro lysis  o f  the d ie th y l
e s ter s  o f ch lorom ethyl-, and dichloromethylpho sphonic a c id s , compared w ith
diethylm e thy lpho sphonate were accompanied by a small but s ig n if ic a n t  decrease
in  the a c tiv a tio n  energy fo r  the resection. In co n tra st, mesomeric su b stitu en ts
such as alkoxy or dialkylamino groups were found to produce an in crea se  in  the  
5*7 120a c tiv a tio n  energy . &i the b a s is  o f  th ese  r e s u lt s ,  the decrease in
a c tiv a tio n  energy observed fo r  the rea ctio n s o f  the 2- f u r y l - ,  and 2- th ie n y l-  
phosphonates compared w ith the phenyl analogue, p o ss ib ly  in d ic a te s  some 
in d u ctive  e 1 ectron-withdrawal from the phosphorus atom by the h etero a ry l 
su b stitu en ts  a s s is t in g  the approach o f the nu cleoph ile  and bond-form ation. In  
con trast the in crease  in  a c tiv a tio n  energy fo r  the a lk a lin e  hydro l y s i s  rea c tio n  
o f d ie th y l-2-(l~m ethylpyrrolyl)phosphonate compared w ith the phenyl analogue, 
may in d ic a te  decreased electron-w ithdraw al by the 2- ( 1-m eth ylp yrro ly l)  
su b stitu en t compared w ith phenyl, and p o ss ib ly  electron-donation  by the
7T-system o f  the 1-m ethylpyrrolyl group. Evidence tha t such e lec tr o n ic  
in ter a c tio n s  sire p o ss ib le  i s  provided by nhosphonium s a l t  h yd ro lysis  and pKcL
data fo r  the corresponding carboxylic  a c id s . Tims w hile  furan- and thiophen-
carboxylic ac id s are considerably stronger than u n su bstitu ted  benzoic ac id ,
121pyrrolecarboxylic  acid  i s  weaker •
0 “C_OC2H5 CV-C-OCH5 0 ~ ^ “OC2H5
(C) ( C l )  ( C I I )
I t  i s  o f  in te r e s t  to  compare th e r e la t iv e  r a te s  o f a lk a lin e  h y d ro ly sis  o f
the above d ie  thy Ihe t  ero ary lpho sphonat e e s ter s  w ith the corresponding data fo r
the a lk a lin e  h yd ro lysis  o f  the e th y l heteroarylcarboxylate e s te r s  ( C ) , (C l)
122and (C I l) . Oae and P rice  have reported th a t the ra te s  o f  a lk a lin e  h yd ro lysis
o f the above carboxylates in  70/° aqueous dioxan decrease in  the order e th y l 2-
furoate^> e th y l 2-thenoate^> e th y l benzoate, the r e la t iv e  r a te s  being 4*^5 :
1*03 • 1 . These r e s u lt s  d if fe r  s l ig h t ly  from the work published by Imoto e t  
123a l  , who found the above ra tes  o f  reaction  in  85/o ethanol, to  decrease in
the order e th y l 2-fu ro a te  e th y l benzoate^> e th y l 2-thenoa.te, the r e la t iv e
r a te s  being 4*55 • 1*08 : 1 . In e ith e r  case , however, the r e s u lt s  compare
favourably w ith the a lk a lin e  h yd ro lysis  data fo r  the corresponding pho sphonate
e s te r s , in  which the d ie th y l e s ter  o f 2-fu ry  lpho sphonic acid  was found to
hydrolyse some f iv e  tim es fa s te r  than the corresponding e s te r s  o f 2- t h ie n y l-
and phenylpho sphonic a c id s . The r e s u lt s  thus p o ss ib ly  in d ic a te  th a t the ra te
o f  a lk a lin e  hyd rolysis o f  pho sphonate e s te r s  i s  about a s  dependent on the
e lec tro n ic  e f f e c t  o f  su b stitu en ts  as in  the analogous rea c tio n  o f  carb oxy la tes.
The ra te  data, together w ith the a c tiv a tio n  parameters pu blished  by Oae 
122and P rice ' fo r  the a lk a lin e  h yd rolysis  o f the above heteroary lcarboxylate  
e s te r s  i s  presented in  Table
Table 5 .5 .
Rate Constants and A ctivation  Parameters fo r  the A lkaline H ydrolysis o f Ethyl 
E sters o f Aromatic and H eterocyclic  Carboxylic Acids in  70/a Aqueous Dioxan,
Ester (25°) ea AS 1o^10
( l  mol~^ sec"”^  ) (kJ mol"^) (jK"1mol“ 1)
Ethyl benzoate 3*42 x  1(T5 58*6 -  95-5 7*8
Ethyl 2-thenoate 3*51 x  1 0 -5 61-5 _ 85*6 8-3
Ethyl 2-furoate 15*9 x 1(T5 57-5 — 8 6*3 8*3
Comparison o f  the data in  Tables 3*1 • and 3 0 *  shows th a t the correspondin
phosphonyl and carbonyl e ster s  have almost id e n t ic a l  a c tiv a tio n  e n e rg ie s , but
the a c tiv a tio n  en trop ies are more p o s it iv e  fo r  the e s ter s  o f  the carb oxy lic
55a c id s . Aksnes et a l  obtained a sim ilar comparison between the a c t iv a t io n
parameters fo r  the a lk a lin e  h y d ro lysis  o f the e th y l e s te r s  o f  m eth y l-,
ch lorom ethyl-, and dichlorome thy lpho sphonic a c id s , and the corresponding data
fo r  e th y l aceta te  and i t s  ch lo ro -su b stitu tea  analogues. I t  was suggested  by 
55Aksnes th a t the reason fo r  the d ifferen ce  in  a c tiv a tio n  en trop ies i s  most
Likely the greater r e s tr ic t io n  la id  upon the tr a n s it io n  s ta te  fo r  the a lk a lin e
18 18h yd rolysis  o f pho sphonate e s te r s . Erom is o to p ic  exchange s tu d ies  w ith  0 
enriched w ater, i t  i s  known th a t e s te r s  o f  carboxylic a c id s  f r e e ly  exchange 
oxygen under a lk a lin e  con d ition s, in d ica tin g  th a t an interm ediate i s  formed 
w ith f u l ly  developedcj-bonds. The absence o f  such evidence fo r  th e h y d ro ly s is  
o f pho sphonate e s te r s  p o ssib ly  in d ic a te s  a concerted mechanism w ith a tr ig o n a l-  
bipyramidal sp^d-hybridised tr a n s it io n  s ta te . The data in  Table and 5-3*
also  rev ea l the entropy o f a c tiv a tio n  fo r  the a lk a lin e  h yd ro lysis  o f  the e th y l  
ester s  o f furan- and thiophencarboxylic a c id s  to be more p o s it iv e  than fo r  the  
phenyl compound, whereas in  the h yd ro lysis  o f pho sphonate e s te r s  the reverse  
i s  tome. I t  may th erefore  be p o ss ib le  th a t there i s  some s t a b i l i s a t io n  o f  the
in term ediate by the 2 -fu r y l and 2 -th ie n y l groups in  the carboxylate e s te r  
h yd ro lysis  which i s  not p o ss ib le  in  the analogous stage  o f  the phosphonate 
e s te r  h y d ro ly sis .
The s im ila r ity  in  the r e la t iv e  r a te s  o f  reaction  o f  the above phosphonate 
and carboxylate e s te r  i s  unusual in  view o f r e s u lt s  reported by oth er workers. 
Eor example the r e la t iv e  ra te  constants fo r  the a lk a lin e  h yd ro lysis  o f  various  
phosphonate e ster s '^  PJ^oXOCgH^g , are 0*13; CH^,1; CICH ,^ 15*6;
Cl^CH, 108; whereas the r e la t iv e  ra te  constan ts fo r  the corresponding carb oxylic  
acid  e s te r s  are estim a ted ^  as 0*9; CH ,^ 1; CICHg, 258; ClgCH, 5000 .
S im ilar ly  ethyIch lorom ethylphosphonoch loridate undergoes s o lv o ly s is  1*2 tim es
"1*1 *1 P Afa s te r  than ethylmethylpho sphonoch loridate , whereas Branch and Hixon
showed a ra te  d ifferen ce  o f  24 : 1 fo r  the so lvo l y s i s  o f ch lo ro a ce ty l ch lor id e
compared w ith a c e ty l ch lor id e .
The above data fo r  m eihylcarboxylic acid  e s te r s  and h a lid e s  and th e ir  
ch loro -su b stitu ted  analogues in d ic a te  bond-formation to be the dominant fa c to r  
in  determ ining the r a te s  o f  the n u c leo p h ilic  rea c tio n . In co n tra st, bond- 
breaking in flu en ces are more important in  the corresponding rea c tio n s  o f  
phosphonic acid  e s te r s  and h a lid e s . Thus i t  i s  p o ss ib le  th a t the s im ila r ity  
in  the r a te s  o f rea ctio n  o f the h eteroarylcarb oxylic  and pho sphonic ac id  e s te r s  
may be a summation o f two e f f e c t s .  G riffin  e t  a l ^ * ^  have e sta b lish ed  p a —  pa  
in ter a c tio n s  in  heteroarylcarbonyl compounds to be s ig n if ic a n t ly  la rg er  than 
p a —  dfi in te r a c tio n s  in  phosphacyl compounds. The ra te  o f n u c le o p h ilic  a ttack  
in  ( c )  and ( C l )  may th erefore be reduced compared w ith ( C I l )  as a, r e s u lt  o f  
PA — pa  in ter a c tio n s  between the heteroaryl group and the carbonyl c en tr e .
Once the interm ediate in  the rea ctio n  i s  formed, however, rapid c leavage o f  
the lea v in g  group may take p la ce . A lte r n a tiv e ly , n u c leo p h ilic  a ttack  a t  the  
pho sphonyl cen tres o f (BXXVTII and LXXIX; R = may be l e s s  a ffe c te d  by
P A  dA in te r a c tio n s . The ind u ctive  e f f e c t  o f  the h eteroary l group may,
however, in crease  the strength o f the bond from phosphorus to  the le a v in g
group  i n  th e  t r a n s i t i o n  s t a t e  o f  th e  h y d ro ly s is  o f  (LXXVIII and LXXIX; R — CpBL)cL j
th u s  r e s u l t i n g  i n  th e  s i m i l a r i t y  o f  th e  r e l a t i v e  r a t e s  o f  a lk a l in e  h y d ro ly s is .
4 ,4  S tu d ie s  o f  th e  I n f r a r e d  and P n .m .r .  S p e c tra  o f  H e te ro a ry  lpho  spho n a te
E s te r s .
In  o rd e r  to  i n v e s t ig a t e  f u r t h e r  th e  e l e c t r o n i c  e f f e c t  o f  th e  h e te r o c y c l ic  
s u b s t i tu e n t  on th e  a d ja c e n t  phosphorus atom in  th e  h e te ro a ry lp h o sp h o n a te  e s t e r s
in c r e a s e s  i n  th e  in f r a r e d  s t r e t c h in g  fre q u e n c y  o f  th e  P -Q -a ro m atic  bond w ith  
in c r e a s in g  e le c tro n -w ith d ra w in g  a b i l i t y  o f  th e  s u b s t i tu e n t  on th e  p h en y l r i n g .  
T h is  d a ta  was l a t e r  c o r r e la te d  w ith  th e  l a b i l i t y  o f  th e  bond a s  m easured by 
th e  a lk a l in e  h y d ro ly s is  o f  th e  p h o sp h a te  e s t e r s ,  and a  l i n e a r  r e l a t i o n s h ip  
betw een th e  fre q u e n c y  o f  v ib r a t io n  and th e  r a t e  o f  a lk a l in e  h y d ro ly s is  was 
e f f e c t i v e l y  o b ta in e d .
v ib r a t io n  o f  th e  P -O -a lk y l bond w ith  th e  p o la r  n a tu re  o f  th e  s u b s t i t u e n t  i n  a
in c re a s e s  in  th e  fre q u e n c y  o f  th e  pho sphonyl ( p = 0 )  s t r e t c h in g  v i b r a t i o n  w ith
(LXXVIII, LXXIX and IC ; R = C?1L) and (LXXXIV; R = O IL), th e  v a r i a t i o n  o f  a
number o f  s p e c tro s c o p ic  p a ra m e te rs  w ith  s u b s t i tu e n t s  h a s  been s tu d ie d .
2 5
(XLIV)
In  t h e i r  in v e s t ig a t io n  o f  th e  e f f e c t  o f  s t r u c t u r e  on th e  r e a c t i v i t y  o f  
some d ie th y l  s u b s t i tu t e d  p h en y lp h o sp h a tes  (X L I /) , Fukuto and M e t c a l f ^  o b se rv e d
( c m ) (civ)
1 24Cheng-Yeh Yuan e t  a l  s im i la r ly  o b se rv ed  a  v a r i a t i o n  in  th e  s t r e t c h in g
s e r i e s  o f  p a r a - s u b s t i t u te d  p h e n y l- ,  and benzy lpho sphonat es  (G U I; R = C~H,
in crea sin g  ‘ e le c tr o n e g a tiv ity 1 o f  the su b stitu en ts  on the phenyl r in g . A lin e a r  
co rre la tio n  between V P = 0  and the polar nature o f  the su b stitu en ts  a s  measured 
by the Hammett <j constant was obtained, and a q u a n tita tiv e  r e la t io n sh ip  was 
explained by the conjugation e f f e c t s  o f the benzene r in g  w ith the pho sphonyl 
group.
126B ell e t  a l  a lso  reported a lin e a r  co rre la tio n  between the wavelength  
o f  the pho sphonyl absorption in  phosphoryl h a lid e s  and the sum o f  the Pauling  
e le c tr o n e g a tiv ity  constants o f the ha logens. Purthezmore, i t  was found th a t  
other more complex groups e .g .  alkoxy and hydroxy, in fluenced  the s tr e tc h in g  
absorption in  a constant and a d d itiv e  manner. The band s h i f t s  are determined 
prim arily by the e le c tr ic a d  e f f e c t  o f the su b stitu en t group on the bond fo rce  
constant a r is in g  from changes in  the bond order, s in ce  the mass o f the group 
appears to have l i t t l e  e f f e c t  on the p o s it io n  o f  the s tre tch in g  absorption .
Prom the observed lin e a r  r e la t io n sh ip  B e ll e t  a l  derived  equation 17 
to determine a numerical value fo r  the e f f e c t  o f  the su b stitu en t on the 
phosphoryl bond, the ‘phosphoryl absorption s h i f t  constant* (X ), which i s  
comparable in  magnitude to Pauling e le c tr o n e g a tiv ity  constant. Exploratory  
stu d ies  o f o th er bond v ib ra tio n s  in  pentavalent organophosphorus m olecules, 
in d icated  a dependence o f  the P-P, P-Cl and P-O-C stretch in g  v ib ra tio n s  on the  
phosphoryl absorption s h i f t  constant o f the su b stitu en t groups. The s h i f t  
constant v a lu e s , however, had considerably le s s  in flu en ce  on th ese  bonds than
on the phosphoryl lin k age.
127Work by Davis esta b lish ed  a lin ea r  re la tio n sh ip  between the phosphoryl 
absorption s h i f t  constant (x) derived from equation 17 and the T aft polar  
su b stitu en t c o n sta n t^  (cj ) fo r  a number o f  organic groups.
The in frared  spectra o f  each o f the d ie  thy lheteroary lpho sphonate e s te r s
(17)
126
(LXXVTII, LXXIX and IC ; R = C ^ )  and (LXXXIV; R = CH.) liave been obtained and 
the pho sphonyl s tretch in g  frequencies examined c r i t i c a l ly .  The spectra  
revealed  the p o s it io n  o f the P-O-XyH,- hand to remain constant fo r  each o f  the  
phosphonate e s t e r s .  Some sm all s h i f t  o f  the phosphonyl s tr e tc h in g  frequency  
was, however, observed and the frequencies o f t h is  band are l i s t e d  in  order o f  
in creasin g  wavenumber in  Table 3«4».
Table 5 .4 .
—1F re q u e n c ie s  (cm*" ) o f  th e  Phosohonyl I n f r a r e d  S tr e tc h in g  V ib ra t io n  o f  D ie th y l-  
h e te ro a ry In h o  sphonate  E s te r s  R P ^X oC gH p.^  .
R V P = 0
2- (1 -He thy lpyrro l y l ) 12 50
Phenyl 12.52
2-Thienyl 1255
2-Furyl 1261
The observed s h if t s  in  the frequency o f  the phosphonyl s tr e tc h in g  v ib ra tio n s  
presented in  Table 3*4* are sm all; fo r  comparison the phosphonyl s tr e tc h in g
frequencies o f the d ie th y l e s te r s  o f  m ethyl-, ch lorom ethyl-, and dich lorom ethyl-
-1 -1 -1 55 phosphonic a c id s  are 1243 cm , 1271 cm and 1281 cm r e sp e c tiv e ly
Examination o f  the data in  Table 3*4»> however, provides fu rth er  evidence fo r
the electron-w ithdraw ing character o f the 2 -fu r y l and 2 -th ie n y l su b stitu e n ts
’and m aintains the order o f E le c tr o n e g a tiv ity *  o f  the h e te r o cy c lic  groups to
be 2 - f u r y l 2 - t h i e n y l ^ >  phenyl^> 2 -(1 -m eth y lp yrro ly l), in  keeping w ith the
order in d ica ted  by the pIC * s o f  the corresponding carb oxylic  a c id s .cL
128The r e s u lt s  in  Table 3*4* are th erefore o f  some in t e r e s t .  Ready e t  a l  
examined th e in frared  spectra  o f  cyanoderivatives o f furan, thiophen and p yrro le , 
and measured the e lec tr o n ic  e f fe c t  o f the h e tero cy c lic  su b stitu en t by the e f f e c t  
on the in te n s ity  o f  the C s ll  s tretch in g  v ib ra tio n . In each ca se  the h e tero cy c le  
was found to a c t as an electron-aonor and in crease  the in te n s ity  o f  the
stretch in g  v ib ra tio n  compared with th a t o f  b e n z o n itr ile . The e f f e c t  was found 
to decrease in  the order 2—pyrroly l^ ^  2—thienyl^> 2—fury1 and su b stitu en t (a) 
va lu es o f  -1*33» -0*44 - 0*13 r e sp e c t iv e ly , were determined fo r  the
h eteroaryl su b stitu en ts .
(cv)
In an in v e s t ig a tio n  o f the e f f e c t  o f  h eteroaryl su b stitu en ts  on the
infrared  stretch in g  frequency o f  the carbonyl bond in  h eteroaryl su b stitu ted
129acetophenones (CV), Marino e t  a l  s im ila r ly  found the 2 -fu ry l and 2 -th ie n y l
su b stitu en ts  in  the para- p o s it io n  o f  the phenyl r in g  to be e lectron-d on atin g
and decrease the frequency o f the s tretch in g  v ib ration  compared w ith the
un su bstitu ted  acetophenone. Substituent va lu es  (<jp) o f -0*45 fo r  the 2 -fu r y l
su b stitu en t and -0*J8 fo r  the 2 -th ien y l su b stitu en t were determined, to  r e f le c t
the electron-donating  e f f e c t .  In the meta- p o s it io n  o f the phenyl r in g ,
however, the h eteroaryl su b stitu en ts  were found to in crease  the s tr e tc h in g
frequency o f  the carbonyl bond as a r e s u lt  o f  ind uctive electron-w ithdraw al.
The in frared  s tre tch in g  freq u en cies o f the carbonyl bond in  h e tero a ry l-  
122carboxylic  ac id s are a lso  o f some in te r e s t ,  s in ce  they a lso  r e f le c t  an
electron-donating e f f e c t  by the h e tero cy c lic  su b stitu en t r e s u lt in g  in  a
122decrease in  the frequency o f the s tretch in g  v ib ra tio n . The data i s  l i s t e d  
in  Table
F req u en c ie s  (cm ) o f  th e  C arbonyl I n f r a r e d  S tre tc h in g : V ib ra tio n  o f  H e te ro a ry l: 
c a rb o x y lic  A c id s .
Acid V G =0
2-T h io p h en car boxy l i e  a c id 1680
2 -F u ro ic  a c id 1685
B enzoic a c id 1690
The s t r e t c h in g  v ib r a t io n s  a re  c h a r a c t e r i s t i c  o f  th e  a s s o c ia te d  fo rm  o f  th e  
a c id .
The d a ta  i n  T able th u s  shows th e  h e te r o c y c l ic  s u b s t i tu e n t s  to  be
e le c t ro n -d o n a t in g  a s  in d ic a te d  by t h e i r  e f f e c t  on th e  fre q u e n c y  o f  th e  c a rb o n y l 
in f r a r e d  s t r e t c h in g  v ib r a t i o n .  The e le c tro n -w ith d ra w in g  e f f e c t  w hich th e  
2 - f u r y l  and 2 - th ie n y l  s u b s t i tu e n t s  ap p ea r to  e x e r t  on th e  phosphony l bond, 
how ever, m ust th e r e f o r e  r e f l e c t  a  d e c re a se  i n  th e  e x te n t o f  t h i s  e l e c t r o n -  
d o n a tio n . Thus on th e  b a s is  o f  th e  in f r a r e d  d a ta  p re s e n te d , th e  r e d u c t io n  in  
P7^  —  dft c o n ju g a tio n  betw een the  h e te r o a r y l  s u b s t i tu e n t  and th e  phosphony l 
g roup , com pared w ith  th e  p ^  —  pj^ c o n ju g a tio n  betw een th e  s u b s t i tu e n t  and th e  
ca rb o n y l o r  n i t r i l e  g ro u p , r e s u l t s  i n  an  a p p a re n t o v e r a l l  e le c tro n -w ith d ra w in g  
e f f e c t  by th e  h e te ro c y c le ,  due to  th e  in d u c t iv e  e f f e c t  o f  th e  e l e c t r o n e g a t iv e  
h e te ro a to m .
The e le c tro n -d o n a t io n  by th e  h e te r o a r y l  s u b s t i tu e n t  to  th e  c a rb o n y l bond
a s  in d ic a te d  by th e  freq u en cy  o f  th e  i n f r a r e d  s t r e t c h in g  v ib r a t i o n  in
122h e te ro e ry lc a rb o x y l ic  a c id s  , compared w ith  th e  e le c tro n -w ith d ra w in g  e f f e c t
121in d ic a te d  by th e  pK *s o f th e s e  a c id s  , r e q u i r e s  some comment. I t  woulda
ap p e a r  t h a t  th e  i n f r a r e d  data, m ust r e f l e c t  b o th  th e  in d u c t iv e  and m esom eric 
e f f e c t s  in  th e  m o lecu le , w hereas th e  pK o f  th e  a c id  i s  d e te rm in e d  p re d o m in a n tly
cl
by th e  in d u c t iv e  e f f e c t  o f  th e  s u b s t i tu e n t .
The p o s s i b i l i t y  t h a t  P ch em ica l s h i f t s  o f f e r  a  d i r e c t  way to  m easure  
th e  e le c t ro n -d o n a t in g  a b i l i t y  o f  s u b s t i tu e n t  g ro u p s a t ta c h e d  to  p h o sp h o ru s  has
1 30been examined by a number o f workers. Letcher and Van Wazer in v e s tig a te d
31the problem by a comparison o f  the P chem ical s h i f t s  o f a number o f  phosphonate
2— 1 anions (RPO  ^ “ ) and tr ip h en y l- and. ir ia lk y lp h o  sphonium ion s (RPR S ) , S ince
both the phosphonate anions and pho sphonium ca tio n s  f a l l  in to  the c la s s  o f  IIPZ^  
compounds, where Z i s  f ix e d  and H rep resen ts a ser ie s  o f su b stitu en t groups,
the d iffe re n c e  (a&) between the chemical s h i f t  o f a p a ir  o f  anions o f  the type
2 - * 1 RPO^  and an equivalent pair  o f ca tio n s o f the type RPR  ^ should bear a f ix e d
proportion to ea.ch o th er . Thus from the e lec tr o n e g a tiv ity  d ifferen ce  between
oxygen and carbon, quantum mechanical reasoning requires th a t the va lu e  o f A 8
2—fo r  a given  p a ir  o f phosphonate anions (SPO  ^ ~ ) ,  should be tw ice a s  la rg e  as
th a t fo r  an equivalent p a ir  o f quaternary tripheny lpho sphonium ca tio n s  
+
(HP(CgHf-)^). 2To such re la tio n sh ip  was obtained , p o ss ib ly  as a r e s u lt  o f  minor 
v a r ia tio n s  in  the ft-ch aracter o f the P—0 bonds o f the phosphonate an ion s,
w ith v a r ia tio n s  in  the nature o f the organic group R. Van Vazer e t  a l  d id ,
oOhowever, note a regu lar co rre la tio n  between A8 and Taft (a ) su b stitu en t  
valu es fo r  the phosphonaie anions, w hile A 8 fo r  the pho sphonium captions 
correlated  simply w ith the Pauling e le c tr o n e g a t iv it ie s  o f the su b stitu en t  
groups.
1 51 1 32Freedman e t  a l  in v estig a ted  the e f f e c t  o f various su b stitu en t
31groups on P n .m .r. chem ical s h i f t s  o f  a s e r ie s  o f  me tar*, and p a ra -su b stitu ted
phenylpho sphonic acids and re la ted  e s te r s , and obtained a c o r r e la tio n  betvreen
the chemica.1 s h i f t  and the corresponding Hammett <7^ or su b stitu en t  
133constants , and a lso  w ith the Taft OL or O i components o f  the Hammett sigmaJL JX
con stan ts. In the case o f  or th o -su b stitu ted  phosphonic a c id s , a s im ila r
*1co rre la tio n  was observed between the J P chemica.1 s h i f t s  and su b stitu en t
1 3 4 .constants derived by Taft from the e s t e r i f ic a t io n  and h y d ro ly s is  o f ortho­
su b stitu ted  benzoate e s t e r s .  In each case the co rre la tio n  was op p osite  to th a t  
expected on the b a sis  o f  the electron-withdraw ing a b i l i t y  o f the su b s t itu e n ts .
Thus the more e lectron-donating  su b stitu en ts  decrease the sh ie ld in g  o f the
130phosphorus n u cleu s, as required by quantum mechanical theory  ^ .
130In view of the r e s u lt s  obtained try Letcher and Van Wazer , in  which a
31 2— co rre la tio n  between the P chem ical s h i f t s  o f  BPO^  and Ep(C^H_)^ wa.s not
131 31observed, Preedman suggested th a t the re la tio n sh ip  between th e P chemical
s h i f t  o f  the su b stitu ted  phenylphosphonic a c id s  and e s te r s  with the p o la r ity
o f  the su b stitu en t may be due to  the a tten uation  of the phenyl group, which
serves to prevent large  changes In the ^ -ch a ra cter  o f  the P—0 bond.
Substitu ted  phenylpho sphonat es thus prove v a lid  fo r  estim atin g  the e lec tr o n -
donating a b i l i t y  o f  the su b stitu en t on the phenyl group,
31The P chemica.1 s h i f t  data fo r  the diethylheteroarylphosphonate e s te r s
Examination o f the data in  Table 3 reveal s  a trend to a g rea ter
sh ie ld in g  o f the phosphorus nucleus on p assin g  from phenyl, to 2 -th ie n y l to
2 -(1 -m eth y lp y rro ly l), to 2 -fu r y l su b stitu en t, in d ic a tin g  the electron-w ithdraw ing
a b i l i t y  o f  the h eteroaryl r in g s  to in crease in  th a t order. The data thus
con tra sts  with r e s u lt s  obtained from the study o f  the phosphonyl in frared
stre tch in g  v ib ra tio n s  and the r a te s  o f a lk a lin e  h yd ro lysis  in  estim a tin g  the
r e la t iv e  e lec tr o n ic  e f f e c t  o f  the 2 -(1 -m eth ylpyrroly l) su b stitu e n t. S im ilar
31seemingly anomalous P chem ical s h i f t  data was a lso  obtained fo r  the 
tr i-h e te r o a r y l-  and he teroarylmethylpho sphonium s a l t s ,  fo r  which the e lec tr o n —
(LXXVIII, LXXIX and IC; R = C ^ )  and(LXXXIV; R = CH^ ) i s  presented in  
Table 3*6.•
Table 3*6.
31P .Chemical S h if t  Data fo r  D iethylheteroarylnba sphonates in  Chloroform.
Diethylphenylpho sphonate
Di e th y l-  ( 2 -th i enyl) pho sphonat e
Die thy 1-2-(1 -m ethylpyrrolyl)pho sphonate
D ie th y l-( 2-furyl)pho sphonate
Compound & P/p.p.m . ( r e l .  to 85% H^PO )^
-16*7
- 10*9
-  9 .4 5
-  3*9
withdrawing a b i l i t y  o f the su b stitu en ts  was in d ica ted  as 2 -(1 -m eth ylpyrroly l)
2-fury1^> 2-th ienyl^ >  phenyl and 2-(1-m ethylpyrrolyl)m ethyl^> 2-furylm ethyl
2-thenyl^>  benzyl, r e sp e c tiv e ly  (Chapter 1, s e c tio n  3)* A p o ss ib le  s t e r ic
e f f e c t  by the 1-m ethyl group o f  the 2 -(1 -m ethylpyrrolyl) su b stitu en t was
31suggested to exp la in  th ese r e s u lt s  and P chem ical s h i f t  data o f  phosphonium
s a lt s  contain ing the o - t o ly l  su b stitu en t was given to i l lu s t r a t e  the apparent
in crease  in  sh ie ld in g  o f  the phosphorus in  the presence o f a p o ss ib le  s t e r ic
e f f e c t  by an ortho-m ethyl group* Thus a s im ila r  e f f e c t  by the 1-m ethyl group
in  d i e thy 1-2-(1 Hue thy lpyrro l y l )  pho sphonate i s  p o s s ib le . Evidence in  support
1 31o f th is  proposal i s  provided in  the work by Preedman e t  a l  by the absence
31o f a d e f in ite  co rre la tio n  between the P chemical s h i f t s  o f ortho-mono-
su b stitu ted  phenylpho sphonic ac id s and Hammett o  constants or T aft Oj or °R
con stan ts, and the need to introduce su b stitu en t constants derived  from th e
31rea c tio n s  o f  or th o -su b stitu ted  benzoate e s te r s . In th is  resp ec t th e P
chemical s h i f t  o f d ie th y l-(o -to ly l)p h o sp h o n a te  would be u s e fu l to  a sse ss  th e
e f f e c t  o f the ortho-m ethyl group in  th is  s itu a t io n .
The r e su lts  in  Tables 3»5« and 3 i ndi cat e  an o v e r a ll increased  e lec tr o n -
withdrawing a b i l i t y  o f  the 2 -fu r y l and 2 -th ie n y l su b stitu en ts  compared w ith
the phenyl su b stitu en t when attached to the phosphonyl group. In th e case o f
the 2 -fu r y l su b stitu en t th is  increased E le c tr o n e g a tiv ity *  i s  r e f le c te d  to  a
lim ited  extent in  the greater  ra te  o f  a lk a lin e  h yd ro lysis  o f the 2 -fu r y l-
phosphonate e s te r  (LXXVIII; R = G^ H )^ compared w ith the phenyl analogue (IC;
R = CgH-) which, however, undergoes a lk a lin e  h yd ro lysis  a t r a te s  comparable
w ith the 2 -th i eny lpho sphonate e ster  (LXXIX; R = C^H^). Thus a p o s s ib le
le v e l l in g  o f the e lec tr o n ic  e f f e c t s  o f  su b stitu en ts  in  the mechanism o f the
h yd ro lysis  rea c tio n  i s  in d ica ted .
S im ilar r e la t iv e  r a te s  o f  rea ction  have been observed fo r  the a lk a lin e
”122 123h yd ro lysis  o f  the corresponding carboxylate e s te r s  1 , though i t  has been
2 3suggested by previous workers th a t d if fe re n c e s  e x is t  in  the mechanisms o f
th e  tv o  r e a c t io n s .  Thus, m esom eric c o n t r ib u t io n s  by th e  7^ -sy s tem  o f  th e
s u b s t i tu e n t  and th e  r a t e  o f  b o n d -fo rm atio n  w ith  th e  n u c le o p h ile  axe im p o rta n t
in  tiie  r e a c t io n  o f  c a rb o n y l compounds, w hereas th e r e  i s  a  g r e a te r  e f f e c t  by th e
le a v in g  group in  th e  a lk a l in e  h y d ro ly s is  o f  phosphonyl d e r iv a t iv e s .  In  view
o f  th e se  c o n s id e r a t io n s ,  in  o r d e r  to  a s s e s s  th e  im p o rtan ce  o f  th e  le a v in g
group in  th e  a lk a l in e  h y d ro ly s is  o f  h e te ro a ry lp h o sp h o n a te  e s t e r s ,  i t  was o f
i n t e r e s t  to  in v e s t i g a t e  th e  c h e m is try  o f  th e  c o rre sp o n d in g  d ip h e n y lh e te ro a ry l—
p h o sp h o ra te s  (LXXYIII, LXXIX and IC ; R = £md (XCV).
5 .4  S tu d ie s  o f  th e  C hem istry  o f  D in h e n y lh e te ro a ry lo b o su h o n a te  E s t e r s .
The in c re a s e d  l a b i l i t y  o f  th e  P-0—aro m a tic  bond compared w ith  th e
p _ O -a lk y l bond was n o te d  by Hudson and Keay^° who observed  th e  e x c lu s iv e
r e le a s e  o f p -n i t ro p h e n o l  from  e th y l-p -n itro p h e n y lm e tb y lp h o sp h o n a te . Pukuto  
44and M e tca lf  su g g ested  t h a t  a  f u r t h e r  i n d i c a t io n  o f  th e  l a b i l i t y  o f  t h i s  bond
may be o b ta in e d  from  th e  freq u en cy  o f  th e  i n f r a r e d  s t r e t c h in g  v i b r a t i o n .
A b so rp tio n  bends r e s u l t i n g  from  s t r e t c h in g  n o t io n s  i n  th e  P-O-C l in k a g e s  a r e
1 55u s u a l ly  th e  m ost in te n s e  bands i n  th e  spectrum  . The v ib r a t i o n s  a r e  com plex,
c o n s is t in g  o f  s im u ltan e o u s  s t r e t c h in g  o f  th e  P -0  and G-C b o n d s , b o th  i n  and
o u t o f  p h a se , and th e re  h a s  been some d isag ree m en t a s  to  th e  c o r r e c t  v i b r a t i o n a l
a ss ig n m e n ts . In  g e n e ra l ,  how ever, i t  i s  co n v e n ie n t in  c o n s id e r in g  a  g iv e n
P -0 -a ro m a tic  l in k a g e ,  to  v iew  th e  h ig h e r  fre q u e n c y  v ib r a t io n  (1180-1260 cm )
a s  ,rm ostly  C-0 s t r e t c h in g " ,  and to  v iew  th e  low er fre q u e n c y  v ib r a t i o n  
—1( 900-980 cm ) a s  "m ostly  P -0  s t r e t c h in g " .
In  th e  s p e c tr a  o f  th e  d ip h e n y lh e te ro a ry lp h o sp h o n a te  e s t e r s  u n d e r  
c o n s id e r a t io n ,  no t r e n d  between th e  n a tu re  o f  th e  h e t e r o a r y l  s u b s t i t u e n t  and 
th e  fre q u e n c y  o f  th e  s t r e t c h in g  v ib r a t io n  o f  th e  P -0 -a ro m a tic  bond was in d ic a te d  
in  e i t h e r  o f  th e  above r e g io n s .  The p ro b a b le  e x p la n a tio n  f o r  th e  a b sen ce  o f  
such a  tr e n d  in  b o th  th e  d i e t h y l - ,  and d ip h e n y lh e te ro a ry lp h o sp h o n a te  e s t e r s  13 
t h a t  th e  l a r g e s t  s in g le  e f f e c t  on th e  f re q u e n c y  o f  th e  P-0-G  v i b r a t i o n  in  
organophosphorus e s t e r s  r e s u l t s  from  th e  n a .tu re  o f  th e  ca rb o n  atom  i n  th e
lin k age, and thus su b stitu en ts  a t phosphorus w i l l  have l i t t l e  e f f e c t  on the  
frequency o f  v ib ra tio n . As in  the case o f  the diethylphosphonate e s te r s , a 
v a r ia tio n  in  the frequency o f the phosphonyl (P = 0 )  s tre tch in g  v ib ra tio n  was 
observed and the freq u en cies o f th is  band are l i s t e d  in  Table 5*7* •
Table 5 .7 .
—1Frequencies (cm~ ) o f  the Phosphonyl Infrared Stretching V ibration  in  
Dinhenv Ihet eroaryiohosphonate E sters BP(0)(0G^H^)2 .
R V p = 0
2 -( 1 -H eth ylp yrro ly l) 1265
Phenyl 1265
2-T hienyl " 1268
2-J\iry l 1285
The r e s u lt s  in  Table 5*7• thus confirm the e a r lie r  in d ic a tio n  o f  increased  
electron-w ithdraw al from the phosphonyl group by the 2 -fu ry l and 2 -th ie n y l  
su b stitu en ts  compared w ith phenyl and 2-(, 1 -m eth ylpyrroly l) groups. In ad d ition , 
the o v e r a ll in crease  in  the frequency o f  the phosphonyl v ib r a tio n  compared 
w ith the diethylheteroarylphosphona.te e s te r s  su ggests increased  e lec tr o n -  
withdrawal by the phenyl e s te r  groups. The electron-w ithdraw ing a b i l i t y  o f  
the su b stitu en ts  a t  phosphorus decreases in  the order, 2-fu.ry 1^> 2 -th ien y l^ >  
phenyl ^  2 -( l-m e th y lp y r ro ly l) , and thus there i s  a s l ig h t  d if fe r e n c e  from the  
order suggested by the in frared  data fo r  the diethylphosphonate analogues.
The s e r ie s  o f diphenylphosphonate e s te r s  (LKCYIII, LXXIX and IC; R = 
and (XCV), have a lso  been in v estig a te d  by *^P n .m .r. spectroscopy and the  
chem ical s h i f t s  are recorded in  Table 5*8*•
Table 5 .8 .
31P Chemical S h ift  Data fo r  Dinhenylheteroarylphosphonates in  Chloroform.
Compound S ^ P /p .p .m . ( r e l .  to  85/'o H^PO )^
Diphenylphenylpho sphonate - 10*25
D iphenyl-(2-thienyl)pho sphonate -  4*^
D iphenyl-2-( 1 -m ethylpyrrolyl)phosphonate -  2*5
D ip h en yl-(2-fu iy l)p h o  sphonate + 5*0
The data in  Table 3*8. rev ea ls  sev era l fe a tu re s  o f in t e r e s t .  The order
31o f e lec tr o n e g a tiv ity  in d ica ted  ty  th e P chem ical s h if t s  o f  the d ie th y lh e te ro -  
arylphosphonate e ster s  i s  maintained a s , 2-fury 1^> 2-(1 -m ethyIpyrroly 1 ) ^>
2 - th ien y l^ >  phenyl, and thus the ir r e g u la r ity  in  the ^ P  chem ical s h i f t s  o f  
the 2-(l-m e thy Ipyrro l y l )  compounds rem ains. There i s  a lso  a general in crea se  
in  the sh ie ld in g  o f the phosphorus n u c le i o f the diphenylphosphonate e s te r s  
compared w ith the corresponding diethylphosphonate analogues, in d ic a tin g  an. 
in crease  in  the electron-vzithdrav/al from phosphorus by the phenyl e s te r  groups 
compared w ith the e th y l e s te r  groups.
Table 5»9«
^ P  Chemical S h ift  D ifferen ce  (AS) between Diphenyl and D ie th y l E sters o f  
Heteroarylphosohonic A cids.
Acid A 8 /p .p .m .
Phenylpho sphonic 6*45
2-Thi enylphosphonic 6*8
2- (1 -Me'thy Ipyrro ly  1) pho sphoni c 6*95
2-Fury lpho sphonic 6*9
Comparison o f  the data in  Tables J . 6 , and 3*8* rev ea ls  th a t  th e d if fe r e n c e  
in  ^ P  chemical s h i f t  ( a S ) between the diphenyl and d ie th y l e s t e r s  o f  each 
phosphonic acid  i s  reasonably constant, (Table 3*9*)» Therefore th e  in d ic a tio n
i s  th a t the su b stitu en t groups have c h a r a c te r is t ic  ad d itive  e f f e c t s  on the
chemical s h i f t  o f  the phosphorus, and any in ter a c tio n  between the 7 -^ o r b it a ls
o f  the h e tero cy c lic  r in g s  and phosphorus appears to be only s l ig h t ly  a ffe c te d
by the nature o f  the e s te r  groups. In th is  r e sp e c t, i t  i s  o f  in t e r e s t  th a t
A S i s  l a r g e r  f o r  t h e  h e t e r o a r y l  s u b s t i t u e n t s  t h a n  f o r  t h e  p h e n y l  a n a l o g u e ,  f o r
2which the lack  o f  conjugation w ith the phosphorus atom has been noted •
The k in e t ic s  o f  a lk a lin e  h yd ro lysis  o f  the diphenylheteroarylpho sphonate 
e ste r s  (LXXVHI, LXXIX and IC; R — G^ H^ ) and (XCV) have been stu d ied  and the  
i n i t i a l  second-order ra te  constants are presented in  Table 3*^0»*
Table 5 .1 0»
Second-Order Rate Constants fo r  the A lkaline H y d r o l y s i s  o f D jphenylheteroaryl- 
pho sphonate E sters RP^XOC^H-^ in  Aqueous Dioxan (50/o v /v ; Q*1L! in  KCl).
R Ester LlaOH Temperature k , obs
(M) (LI) (°c) ( l  mol””^  sec”"*
2-Puryl 0*01 0*01 39*8 10*50 x  10~2
0*01 0*01 29-7 7*28 x 10~2
Phenyl 0*01 0-01 39-8 11*06 x  10"2
0*01 0*01 29-7 6*61 x  10~2
2-Thienyl 0-01 0*01 39-8 6*42 x 10~2
0*01 ■0*01 29-7 4*11 x  10~2
2- (1 -Lie thy Ipyrro l y l ) 0*01 0*01 39-8 4*71 X 10“ 3
0*01 0*01 29-7 2*27 x  10~5
The r e s u lt s  in  Table 3* 10* rev ea l the a lk a lin e  h yd ro lysis  r ea c tio n  to  
proceed more qu ick ly  fo r  the diphenylheteroary lpho sphonates than fo r  the 
corresponding d ie th y l e s te r s . Such ra te  in creases would be expected on th e  
b a s is  o f  the increased  electron-w ithdraw al from the phosphorus atom in  th e  
diphenyl e s te r s  as ind icated  by the above sp ectroscop ic  s tu d ie s . The in creased
electron-w ithdraw al would serve to in crease  the p o s it iv e  nature o f  the  
phosphorus atom and a s s is t  the approach o f the n u cleo p h ile . In ad d ition  an 
increased rate  o f  a lk a lin e  h yd ro lysis  o f  the diphenyl e s te r s  would he expected  
on the "basis o f  the greater s t a b i l i t y  o f  the phenate anion as the lea v in g  group, 
The fo llo w in g  order fo r  the ra te  o f  the a lk a lin e  hydro ly s i s  rea c tio n  i s  
obtained, 2 - f u r y l^  phenyl 2 - t h i e n y l 2 - (1 -m eth y lp yrro ly l), the r e la t iv e  
r a te s  being 25 : 16 : 1 . There i s  thus a s l ig h t  d ifferen ce  from the order 
observed fo r  the diethylphosphonate e s te r s  and a reduction in  the r e la t iv e  
orders o f r e a c t iv ity .
The a c tiv a tio n  parameters fo r  the above rea ctio n s have been ca lcu la ted  
and are given in  Table J .1 1 . .
Table 5 .11 .
A ctivation  Parameters fo r  the A lkaline hyd rolysis o f  D rohenvlheteroaryl- 
E sters RP(0)(0C6H,-)2 .
R E.A A S  lo g lQ PZ
(kJ mol"* )^ ( j  K~^mol“^)
2-Furyl 28*6 -172*4 5*8
2-Thi enyl 34*8 -156*3 4*6
Phenyl 59*9 -135*6 5*7
2-( 1 -I'le thy Ipyrro l y l )  55*6 -112*1 6*95
Examination o f  the data in  Table J.11 . r e v e a ls  a s im ila r  trend in  the
a c tiv a tio n  parameters to  th a t observed fo r  the a lk a lin e  h y d ro lysis  o f  the
diethylphosphonate e s t e r s .  Decreases in  the a c tiv a tio n  energy fo r  the r ea c tio n s
o f  the 2 -fu r y l-  and 2-thienylphosphonates are compensated by in crea se s  in  the
a c tiv a tio n  entropy fo r  the rea ctio n s o f  the phenyl- and 2 - (1 -m eth yIp yrro ly l)-
phosphonates. I t  would be expected, however, th a t there i s  a fundamental
28d ifferen ce  in  the mechanisms o f  the two rea c tio n s  . Since alkoxide io n s  are 
more b a sic  than hydroxide io n s , i t  would be expected' th a t lo s s  o f  the departing  
anion in  the a lk a lin e  h yd ro lysis  o f  d i e thy lpho sphonate s i s  an important fa c to r
in  determ ining the r e la t iv e  r e a c t iv i t i e s .  In the rea c tio n  o f the d iphenyl- 
phosphonates, however, the lea v in g  group i s  l e s s  n u c leo p h ilic  than the en terin g  
group and thus the rea c tio n  constant w i l l  be more a measure o f the e le c tr o n ic  
e f f e c t s  fo r  bond-formation. On th is  b a s is  th e r e s u lt s  in d ic a te  the p o s it iv e  
charge on the phosphorus atom in  the phosphonate e s te r s  to  decrease in  the 
order, 2 -fu ry l ^  phenyl^> 2-thienyl^ >  2~(1 -me thy Ipyrro l y l ) , and thus the  
r e s u lt s  in d ica te  a degree o f  fi-e le c tr o n  donation by the h e te r o cy c lic  su b stitu en t  
which compensates fo r  o -e lectron -w ith d raw al due to the in d u ctive  e f f e c t  o f  th e  
heteroatora.
In the a lk a lin e  h yd ro lysis  o f  the diethylphosphonate e s t e r s ,  i t  was
suggested th a t the reduction  in  the a c tiv a tio n  energies fo r  the rea ctio n  o f
the 2 -fu ry l and 2 -th ie n y l compounds may p o ss ib ly  in d ica te  increased e le c tr o n -
withdrawal from the phosphorus by the 2 -fu ry l and 2 -th ie n y l su b s titu e n ts ’
compared w ith the phenyl and 2 -(1 -me thy Ipyrro l y l )  analogues. This in te r a c t io n
would a s s i s t  the approach o f the n u cleop h ile  and bond-formation. A s im ila r
argument may be applied to the rea ctio n  o f  the diphenylphosphonate e s t e r s  and
31evidence to  support t h is  proposal i s  provided by infrared and P n .m .r . 
spectroscop ic data. The reduction in  the r e la t iv e  r a te s  o f  rea ctio n  would 
then be a ttr ib u ted  to the greater l a b i l i t y  o f the P-O-phenyl bond which serves  
to  le v e l  out the e le c tr o n ic  con tribu tion s o f  the h eteroaryl su b s titu e n ts .
5«5 Studies of the Chemistry o f Heteroarylmethylnhosphonate E sters .
In vie;-; o f the d i f f i c u l t y  in  determ ining the r e la t iv e  importance of th e  
CT—, and - in te r a c t io n s  between the h e te r o cy c lic  su b stitu en t and phosphorus, a  
study o f  the chem istry o f  a s e r ie s  o f  heteroarylm ethylphosphonates has been 
made. In th ese e s te r s , - in te r a c tio n s  between the r in g  and phosphorus are n o t  
p o s s ib le , and thus the e f f e c t  o f in d u ctive  electron-w ithdraw al by the hetero­
c y c lic  r in g  may be more e a s i ly  recognised .
The Arbuzov and K ichaelis-B ecker rea c tio n s  are among the most w id ely  used
1 36procedures fo r  forming carbon-phosphorus bonds and have been s u c c e s s fu lly
applied  in  the syn th esis  o f  heteroarylphosphorus d e r iv a tiv e s . H ucleophilic
displacem ents on h e te r o cy c lic  h a lid es  have been v e i l  studied fo r  a lk ox id es,
amines e tc . and a general order o f r e a c t iv ity  has been recognised  fo r  th ese
n u c leo p h ile s . Thus a t one extreme 2 -h a lo -2 ,4 ,6 - tr ia z in e s  have a high
s u s c e p t ib il i ty  to displacem ent o f h a lid e  whereas 2 -h a lopyrid in es are r e la t iv e ly
■unreactive . Por the case o f displacem ent by tr ia lk y  lpho sp h ite s  (Arbuzov)
or d ia lk ylm eta l phosphorates (ilich aelis-B eck er) a s im ilar  order o f  r e a c t iv it y
appears to e x is t  although no k in e t ic  measurements have been reported* A review  
95by Redmore^ summarises the use o f th ese  rea ctio n s to prepare a number o f  
heteroarylphosphorus d e r iv a t iv e s .
In add ition  to phosphorus compounds in  which the phosphorus atom i s  lin ked  
d ir e c t ly  to the h e tero cy c lic  n u cleu s, a number o f workers have ap p lied  th ese  
procedures to prepare compounds in  which the phosphorus atom i s  is o la te d  from
reported the sy n th esis  o f d ie th y l-4 -(2 -m eth y lth ia zo ly l)m e  thy lpho sphonate (CYl) 
by the dropwise ad d ition  o f 4-ch lorom ethyl-2-m ethylth iazole to  t r i e  thy lpho sp h ite
o
c h  p (o c h  )2  '  2  5 / 2
3 (cvi)
the r in g  by one or more methylene groups. Thus Arbuzov and Lugovkin1^8
preheated to 150- 5°
o
( c v i i ) (CVIII)
0 ( ch2)A ° c2h5)2
(CIX)
Extension o f the work gave e s te r s  o f phosphonic acid s con ta in in g  iso x a zo le  (CVIl) 
and quinoxaline (CYIIl) groups"  ^^  by the rea ctio n  o f  tr ia lk y lp h o sp h ite  or  
sodium dialkylphosphonate w ith the halom ethyl d e r iv a tiv e s . A number o f
1 /ndiethylpiperidinophosphonates (CIX; n = 2 or 3) were s im ila r ly  prepared
(CX)
In a pu b lica tion  concerned w ith  the sy n th esis  o f diethylphosphonate e s ter s
*1 A *1o f h e tero cy c lic  systems contain ing oxygen, Arbuzov and Lugovkin reported  
the formation o f  d iethyl-(2-furylm ethyl)phosphonate (CX; R = C^H )^ by th e
1X2rea ctio n  o f  sodium diethylphosphonate and 2-bromomethylfuran. K ellog e t  a l
s im ila r ly  reported the sy n th esis  o f dim ethyl-(2~furylm ethyl)pho sphonate
(CX; R = CE )^ by the rea ctio n  o f  trim e thy lpho sp h ite  and 2-chlorom ethylfuran.
In the present study, 2-bromome thy I fu r  an prepared as described  by 
145Z anetti , was added dropwise to  a suspension o f  sodium diethylphosphonate in  
eth er , and the r e su lt in g  mixture heated under r e f lu x . F i lt r a t io n  o f  the  
rea ctio n  mixture to remove sodium bromide follow ed by removal o f  th e ether  
so lven t gave the required d iethyl-(2-furylm ethyl)phosphonate (CX; E = C X )  , 
which was p u r ified  by d i s t i l l a t io n .  Examination o f the in teg ra ted  peak 
in t e n s i t ie s  o f the n .m .r. spectrum o f  (CX; R = GgHj.) a n a ly s is ,
in d ica ted  the product to be fr e e  o f contam inants. A m icro a n a ly tica lly  pure 
sample o f  (CX; R = G^ Hj.) was only  obtained, however, a f te r  repeated  d i s t i l l a t i o n  
through a spinning-band column.
o
II ^ ' O C HO r u A^ 3
O c h ^ 0 R  O  2 \ o c hS '
(CXI) (CXII)
2 ^ O R
142K ellog  e t  a l  reported the sy n th esis  o f  dim ethyl and d ie th y l e s te r s  ox 
2 -thenylpho sphonic ac id  (CXI; R — CH^  or G^Ik) by the rea c tio n  between 
tr ia lk y  lpho sp h ite  and 2-th en y l ch lor id e; dime thy l - (  3-theny l)pho sphonate (CXIl) 
was prepared by the same general procedure. In the presen t study, the rea ctio n  
between sodium diethylphosphonate and 2 -th en y l ch loride was p referred . Thus 
the a d d itio n  o f  2 -th en y l ch lo r id e , prepared by the procedure o f  B lick  and 
Leonard”^ t o  a suspension o f  sodium diethylphosphonate in  e th er , under the  
usual rea c tio n  con d itio n s, gave d iethyl~(2-thenyl)phosphonate (CXI; R = G^ H^ ) 
in  good y ie ld .  Examination o f  the product by n .m .r. and g . l . c .  in d ic a te d  the 
compound to be fr e e  o f  contam inants, and a sa t is fa c to r y  m icroanalysis was 
obtained.
Di e thy lb  enzylplio sphonate (CXIIl) was s im ila r ly  prepared u s in g  the above
general procedure by the reaction  o f sodium d i e thy lpho sphonat e w ith benzyl 
1^5ch lor id e  .
/ = \  ° / O C 2H5O ch2<^ x OCH 2  5
(CXIIl)
The reaction  between phosphite and amine or a lco h o l d e r iv a tiv e s  to  form 
the corresponding phosphonic ac id  e s ter s  has a lso  been reported . Thus 
Laughlin r prepared diphenyl-n-allcylphosphonates con ta in ing  large  a lk y l  groups, 
by h ea tin g  tripheny lpho sp h ite  w ith the appropriate a lco h o l a t  220- 250° in  th e  
presence o f  a su ita b le  h a lid e  c a ta ly s t  e ,g .  sodium io d id e . Evidence was g iven
to suggest th a t the rea ctio n  proceeds through an alkyldipheny lpho sp h ite  
in term ediate, which then rearranges to the isom eric phosphonate. In th e  
present study, the attempted preparation o f d ip h en y l-( 2-fury Ime thyl)phosphonate  
(CX; R = C^Hj.) by the rea c tio n  o f triphenylpho sp h ite  and 2-furyIm ethyl a lc o h o l  
led  to the form ation o f  resin ou s non -ch aracterisab le  m ateria,!. I t  i s  a lso  o f  
in te r e s t  th a t the attempted reaction  o f  sodium diphenylphosphonate and 
heteroarylm ethyl h a lid e  achieved s im ila r  r e s u lt s .
N x O C H
(c h 3 ) 2n - < 0 c h  P <^  2 5 ^ n - Q c h n ^ )
\ ° c2h5
( cxiv) (cxv )
147Ivanov reported the preparation o f d ieth y  1-p-dinethylam inobenzy 1 - , 
phosphonate (CXIV) by the rea ctio n  o f  d i e th y l—p-dimethylaminobenzylamine (CXY) 
and t r ie  thy lpho sp h ite  in  the presence o f  a c e t ic  a c id . Heating the m ethiodide  
o f (CXV) w ith t r i e  thy lpho sp h ite  g iv e s  the same phosphonate product (CXIY).
O  O  O  /**n 1 1
II + /  v -  II l l / / OC2H5RC C H C i-l N (CH ) C H I  RC C H C  H P (2 2 A  2 5 /2  3 2 ? \ o C H
2 5
( c m )  ' ( cxvii)
1 AQ1-Iyers e t  a l  reported the sy n th esis  o f  p-keto pho sphonic a c id  e s te r s  by 
the rea c tio n  o f  tr ie th y lp h o sp h ite  and a Kannich base m ethiodide. Thus 
t r ie  thy lpho sp h ite  r e a c ts  smoothly on heatin g  w ith  > -hetobutyld ieth ylm ethyl- 
ammonium iod id e  (CXVT; R = OIL) to elim in ate  the n itrogen  fu n ction  and produce 
d i eth y l-3-k etob uty  lpho sphonate ( CXVII; R = CE )^ from which the fr e e  a c id  i s  
obtained on hydro l y s i s  w ith hydrochloric a c id . The m ethyl io d id e  d e r iv a tiv e  
o f 1-diethylam ino-3-phenylpropan-5-one ( CXVI; R = C^H„) r e a c ts  s im ila r ly  to  
give the corresponding phosphonate e ster  (CXYII; R =  C^H^). The r e a c tio n  
between tr ie th y lp h o sp h ite  and the hydrochloride o f  the Kannich ba.se a lso  g iv e s
the phosphonate e s te r  hut in  s l ig h t ly  lower y ie ld ,  and the product i s  somewhat 
cleaner when' the m ethiodide i s  used . In co n trast to the quaternary s a l t s ,  no 
reaction  was observed between tr ie th y lp h o sp h ite  and the fr e e  base. A low y ie ld  
o f the required phosphonate i s  g iven , however, from the rea ction  o f  fr e e  base 
and diethylpho sp h ite  in  the presence o f c a ta ly t ic  amounts o f sodium d ie th y l— 
phosphonate.
o
c h 2n (c h 3) 3 a c H P
OCH
H
(CXVIII) (CXEC)
149Myers e t  a l  extended the in v e s t ig a tio n  to  the h e te r o cy c lic  iiannich base 
gramine (j-dim ethylam inom ethylindole) and i t s  quaternary d e r iv a t iv e s . Thus 
gramine m ethiodide (CXVIII; A = i )  and gramine methosulphate ( CXVIII; A = CH^SO^), 
were found to rea ct when heated with tr ie th y lp h o sp h ite , to g iv e  d ie th y l->- 
indolylmethylphosphonate (CXIX) in  approxim ately 75/^ y ie ld .  R eactions between  
gramine m ethiodide or gramine methosulphate w ith diethyliydrogenphosphite  
under con d itions sim ilar  to those used w ith tr ie th y lp h o sp h ite , produced on ly  
high b o ilin g  r e s in s  from which no d i e th yl-3-ind oly lm e thy lpho sphonate could be 
is o la te d . S im ilar r e s u lt s  were obtained in  a rea c tio n  between the fr e e  base  
and tr ie th y lp h o sp h ite . The reaction  between sodium diethy lpho sphonate and 
gramine m ethiodide (CXVIII; A = i )  in  a lc o h o lic  so lu tio n  g iv e s  th e .req u ired  
phosphonate in  20% y ie ld , w hile the analogous rea ctio n  with gramine m ethosulphate 
(CXVIII; A = CII S^O^ ) g iv e s  (CXIX) in  75/0 y ie ld .  Attempts to  hydrolyse th e  
e s te r  (CXIX) in  acid  medium were u n su ccessfu l and resu lted  in  ex ten siv e  
decom position o f the m olecule. Ifydrolysis by aqueous sodium hydroxide produced 
the h a lf  e s te r .
'O 'C H  N(CH )  I  ^ N ^ CH2 P\  2  5
C H 3 C H 3 X ° S H5
(gxx) ( c m )
I t  was o f  i n t e r e s t  to  i n v e s t ig a t e  th e  a p p l i c a b i l i t y  o f  th e  above r o u te s
to  th e  p r e p a r a t io n  o f  th e  c o rre sp o n d in g  1-me th y  Ip y rro  ly lm e th y  lpho  sp h o n a te
(CXXl). Thus 2 -  ( dime th y  laminome t  hy 1) -1 -me th y  Ip y r ro  1 e was p re p a re d  from, th e
r e a c t io n  betw een dime th y  lammonium c h lo r id e ,  fo rm aldehyde and 1 -me thy  Ip y r ro  l e
1 50a c c o rd in g  to  th e  p ro c e d u re  re p o r te d  by T re ib s  e t  a l   ^ , T rea tm en t o f  th e  amine 
w ith  m ethy l io d id e  in  e th e r  gave th e  qua ,te rn ary  s a l t  (CXX), However, th e  
r e a c t io n  o f  t r  ime t  hy 1 - (1 -me th y  Ip y rro  1 -2—y l  )me th y  lammonium io d id e  (CXX) w ith  an  
ex ce ss  o f  t r i e  th y  lpho  s p h i te  u n d e r  a  v a r i e t y  o f  c o n d i t io n s  r e s u l t e d  in  o n ly  
tra .ce  am ounts o f  im pure d ie th y  1-(1  -m ethy Ip y r ro  l -2 -y l)m e th y  lpho sp h o n a te  (CXXl) 
a s  in d ic a te d  by n . m . r . ,  to g e th e r  w ith  u n rea .c ted  t r i e th y lp h o s p h i t e .  L arge  
am ounts o f  r e s in o u s  m a te r ia l  w ere a,lso o b ta in e d  from  th e  r e a c t io n ,  in d i c a t i n g  
some p o ly m e r is a tio n  o f  th e  2 - (1 -m e th y lp y rro ly l)m e th y l system , p o s s ib ly  v ia  th e  
carbonium  io n  (C X X Il),
o
Q - c^  j r— q  )<>C H^C—O H
CH3
(CXXIJ.) (CXXIII)
E vidence f o r  th e  la c k  o f  c o n ju g a tio n  betw een th e  h e te r o c y c l i c  r i n g  and th e
c a rb o n y l g roup , in  h e te ro a ry lm e th y lc a rb o n y l compounds, h as  been  o b ta in e d  by a
1 51number o f  w o rk e rs . Sugimoto e t  a l  have shovnAm ax in  th e  u .v .  s p e c t r a  o f  
2 ~ th ie n y la c e t ic  a c id  ( CXXIII; X = S) and th io p h e n  i t s e l f  to  o ccu r a t  255 mja, 
w hereas X max f o r  2 - th io p h e n c a rb o x y lic  a c id  in  w hich th e  c a rb o n y l g roup  i s
a t ta c h e d  d i r e c t l y  to  th e  h e te r o c y c l ic  r in g ,  o c c u rs  a t  270 mjLU S im i la r ly ,
152 «Sm ith e t  a l  observ ed  th e  r a t e  o f  th e  a c id  c a ta ly s e d  e s t e r i f i c a t i o n  o f
2 -fu r y la c e tic  acid  ( CXXIII; X = 0) to take p lace severa l hundred tim es fa s te r  
and w ith a large reduction  in  a c tiv a tio n  energy, compared w ith the analogous 
reaction  o f 2 -fu ro ic  ac id . I t  was suggested th a t the d ifferen ce  in  the 
r e la t iv e  r e a c t iv i t ie s  was due to  conjugation e f f e c t s  in  the rea ctio n  o f
2- fu r o ic  acid  which were absent fo r  2- fu r y la c e t ic  a c id .
in  view  o f  the absence o f  conjugation in  heteroarylm ethylcarbonyl compounds, 
i t  seems reasonable to  assume th a t f t - in te r a c t io n s  between the r in g  system  and 
phosphorus in  the analogous heteroarylm ethylphosphonyl compounds are not 
p o ss ib le  and thus the e f f e c t  o f  electron-w ithdraw al by the h e te r o c y c lic  r in g  
may th erefore be more e a s i ly  recognised .
d iffe re n c e s  in  the p o s it io n  o f  the various s tre tch in g  v ib r a tio n s . The frequency
-1o f the phosphonyl band (V p=0) rem ained'constant a t  12^0 cm , and the
o o
(cx) o (cxi)
(C X IIl)
Examination o f  the in frared  spectra o f  the d ieth y lh eteroary lm eth y l-  
phosphonates (CX, CXI; R = C^IL) and (C X IIl), did  n ot rev ea l any s ig n if ic a n t
frequency o f the P-O-CgH  ^band remained constant a t  1050 cm . Some v a r ia tio n  
31in  the P n .m .r. chemical s h i f t s  was, however, observed and the data i s
presented in  Table
P Chemical S h ift  Data fo r  D iethy Iheteroarylm ethyluhosuhonates in  Chlorofoim
Di e thy lb  ensy lpho sphonate 
D ieth y l-(2 -th en y l)p h o  sphonate 
Di e th y l- ( 2-fury Ime thy 1) pho sphonate
Compound S ^ P / p . p . m .  ( r e l .  to 85?o H^PO^) 
-22*75  
- 21*00 
-19*75
The data in  Table 5**12. rev ea ls  a trend to a greater sh ie ld in g  o f the
phosphorus nucleus on p a ssin g  from b en zy l-, to 2- th e n y l- , to  2-fu ry lm eth y l-
phosphonate, in d ic a tin g  the e le c tr  on-withdrawing a b i l i t y  o f  the su b stitu en ts
to increase in  th a t order. As the h e tero cy c lic  nucleus in  heteroarylm ethyl-
phosphonates i s  iso la te d  from phosphorus by a methylene group and7^ - in te r a c t io n s
between the r in g  system and phosphorus are not p o ss ib le , th e r e s u lt s  in
Table 3* *12. thus r e f le c t  electron-w ithdraw al s o le ly  by the in d u ctiv e  e f f e c t  o f
the h e tero cy c lic  r in g . The same general order o f e le c tr o n e g a tiv ity  o f the
31h e tero cy c lic  su b stitu en ts  i s ,  however, obtained from P chem ical s h i f t  data
o f  the d ie th y l-  and diphenyIheteroarylpho sphonates in  which the phosphorus i s
linked d ir e c t ly  to the h e tero cy c lic  system. I t  i s  o f  in te r e s t ,  however, th a t  
1^the P chem ical s h i f t s  o f  the heteroarylphosphonsbes (Table 3«6*) 
appreciably more p o s it iv e  than those o f the heteroarylm ethylphosphonates 
(Table 3 » 1 2 .). Since p^ —  dfi bonding between the r in g  system and phosphorus 
vrould be expected to make the chemical s h i f t  more n eg a tiv e , the above data  
thus p o ss ib ly  in d ic a te s  th a t the e f f e c t s  o f any ptc —  d^ bonding which may be
31present i s  o f  l i t t l e  consequence in  in flu en c in g  the P chem ical s h i f t  o f
heteroarylphosphonates.
A fu rther in d ica tio n  o f  the electron-w ithdraw ing a b i l i t y  o f the h e ter o a ry l-
methyl su b stitu en ts  has been obtained from a study o f  the polarographic
reduction  o f  the corresponding he t  eroary Imethylcarboxy l i e  ac id s (CXXIII;
153X = 0 , S or HH). Thus ITakaya e t a l observed th a t the ha lf-wave p o te n t ia ls
o f the ac id s were p o s it iv e  and in  the order 2-pyrrolylm ethyl^> benzyl)>
2-fu ry  lmethyl^> 2 -th en y l. Prom the r e s u lt s ,  Hammett su b stitu en t va lu es (which
give some in d ica tio n  o f  the e lec tr o n -a ttr a c t in g  nature o f the su b stitu en t) o f
0 *6 , 1 *5 , 2*27 and 2*55 were derived fo r  the 2-p yrroly lin ethyl, benzyl,
2-fury lm ethyl and 2 -th en y l su b stitu en ts  r e sp e c tiv e ly . These were compared
with the value ( c =  0) fo r  un su bstitu ted  a c e t ic  ac id . A lin e a r  co rre la tio n
between the ha lf-wave p o te n tia l and the pK o f  each acid was a lso  obtained.a
154 31A llen e t a l  have prev iou sly  in v e stig a te d  the P chemical s h i f t s  o f
triph en ylhet eroary lme thy lpho sphonium s a l t s  and a lso  observed th e  sh ie ld in g  o f
the phosphorus to decrease in  the order, 2-fu ry  lmethyl^> 2-thenyl^)> benzyl.
Further confirm ation o f th is  order o f electron-withdraw ing a b i l i t y  o f  the
su b stitu en ts  was estab lish ed  from the r e la t iv e  s t a b i l i t i e s  o f  the h e tero a ry l-
methyl and benzyl carbanions and the r a te s  o f  a lk a lin e  h y d ro lysis  o f  the
triphenylheteroarylm e thy lpho sphonium s a l t s ,  which were shown to  decrease in
the order, 2-furylm ethyl^> 2-thenyl^> benzyl.
The k in e t ic s  o f  a lk a lin e  h yd rolysis  o f  the d ieth ylheteroaryIm ethyl- and
benzylpho sphonate e s te r s  (CX, CXI; R = G^H-) and (CXIIl) in  50/o aqueous dioxan,
to g iv e  the mono e s te r , have been studied and the second-order ra te  constants
are presented in  Table 3*1
Table 3.15.
Second-Order Rate Constants fo r  the A lkaline Iydro ly s i s  o f  D iethylheteroary 1 -  
methy lpho sphonate E sters R P^XoC^lO g in  Aqueous Dloxan (50% v /v :  0-1I-1 in  KCl).
R E ster NaOH Temperature k , obs
(H) (M) (°c) ( l  mol  ^sec ^)
Benzyl 0*05 0*05 60 10-83  x  10~5
0*05 0*05 50 5-34  x  10~5
2-Thenyl 0*05 0*05 60 3-71 x  10~4
0*05 0*05 50 1*80 x 10"4
2-H iry lm ethyl 0*05 o* 05 60 6-78  x  10"4
0*05 0'05 50 3*27 x  10~4
The r e s u lt s  in  Table J .1 3 . r ev ea l severa l fea tu res  o f  in t e r e s t .  Over the
temperature range stud ied , the r a te s  o f  a lk a lin e  hyd rolysis o f  the h e tero a ry l-
m ethyl- and benzylpho sphonates are in  the order 2-furyInethy 1^> 2~thenyl^>
benzyl, the r e la t iv e  r a te s  being 6 : 3 : 1 • r e s u lt s  are thus in  co n tra st
w ith those obtained fo r  the diethylheteroarylphosphonates (LXXVIII, LXXIX and
IC; R = CpH ) fo r  which the ra tes  o f a lk a lin e  h yd ro lysis decrease in  the order,
2- fu r y l  ( 5) p h e n y ls  2- th ie n y l ( 1) ,  and the diphenylheteroarylphosphonate
e s te r s  (LXaVTII, LXXIX and IC; R = G^ Hp.) th e .r e la t iv e  rea -ctiv ity  o f  which
decreases in  the order 2 -fu r y l 5? phenyl (1 *5) 2 -th ien y l ( 1 ) .  Assuming th a t
74there are no 7:- in te r a c t io n s  between the phenyl r in g  and phosphorus in  the  
phenylphosphonates (IC; R = or and sin ce  the r a te s  o f  a lk a lin e
h yd rolysis o f the heteroaryImethylphosphonates r e f le c t  s o le ly  the in d u ctiv e  
e f f e c t  of the h e tero cy c lic  r in g , the r e s u lt s  in  Table J.1 3 . s tron g ly  in d ic a te  
a 7 -mesomeric e f f e c t  between the o r b ita ls  o f  the h e te r o c y c lic  su b stitu en t  
ana the 3d o r b ita ls  o f  phosphorus in  the a lk a lin e  h yd rolysis  r e a c tio n s  o f  
d ie th y l-  and diphenylheteroarylphosphonate e s te r s  (LXXVIII, LXXIX; R = CgH^  or  
C^H_). In ad d ition  from the rate  data in  Tables 3*2 ., 3*1G* 3*13. > the
e f f e c t  appears to be stronger fo r  a 2-th ie n y l su b stitu en t than fo r  a 2- fu r y l  
su b stitu en t.
Since the r a te s  o f  a lk a lin e  h y d ro lysis  o f  the d ie th y l e s te r s  o f  the
2- f u r y l-  and 2- th ien y  lpho sphonic acid s are some 2 - 7  tim es f a s te r  than fo r  •
the corresponding diethylheteroarylm ethylphosphonates, th is  would suggest th a t
the extent o f  pfi— dft conjugation i s  r e la t iv e ly  sm all, fo r  a la rg e  e f f e c t  would
r e s u lt  in  a more s ig n if ic a n t  decrease in  the ra te  o f  rea ction  o f  the
heteroarylphosphonate e s t e r s ,  in  comparison the second-order r a te  constants
fo r  the a lk a lin e  h yd ro lysis  o f  triethylphospha te  under the same con d ition s are
9*97 x  1(T5 1 mol”^ sec~* and 4*28 x  10~^ 1 mol"^sec~^ a t 59 *7°8  and 50° 8
r e sp e c tiv e ly , in d ic a tin g  the d ea c tiv a tin g  p fi— dft conjugation to be more
s ig n if ic a n t  in  t h is  m olecule than fo r  the d ie th y l e s te r s  o f 2- f u r y l -  and
2 - thieny lpho sphonic a c id s . In ad d ition , the greater  energy o f a c t iv a tio n  fo r
—1the a lk a lin e  h yd ro lysis  o f  tr iethylp hospha te  (77*9 kJ mol ) compared w ith the
 -|corresponding data fo r  d ie th y  l - (  2- fu r y l)  pho sphonate ( 56*4 kJ mol ) and
— 1dieth y l-(2 -th ien y l)p h osp h on ate  (54*8 kJ mol~* ) i s  fu rth er  evidence o f  the
increased  conjugation. There i s ,  however, some s im ila r ity  in  th e ra,te co n stan ts
and a c tiv a tio n  energ ies fo r  the a lk a lin e  h yd ro lysis  o f  tr iethylp hospha te  and
—1d ieth y  l-2 -(1 -m eth y  Ipyrro ly l )  pho sphonate (75*5 kJ mol"* ) .
The a c tiv a tio n  parameters fo r  the rea c tio n s  o f  the heteroarylm ethyl- and 
benzylphosphonate e s te r s  have been ca lcu la ted  and are presented in  Table 3«"l4**
Table 5 .1 4 .
A ctivation  Parameters fo r  the A lkaline h yd ro lysis  o f D iethylheteroarylm ethyl— 
•phosphonate E sters R P ( o ) ( O ^ H ^ ) ^  .
R Ea AS lo g 10 PZ
(kJ mol"^ ) (J K~*mol~^)
Benzyl 63*3
2-Thenyl 64 • 7
2-Purylm ethyl 65*7
-1 3 1 .3
- 117*0
- 109*2
5 .9 6  
6 * 72 
7*12
Examination o f the da.ta in  Table 3 • 14 • revea ls  the en ergies o f  a c t iv a tio n
fo r  the rea ctio n s to remain reasonably constant and the en trop ies o f  a c tiv a tio n
and log-jo va lu es to be dominant in  determ ining the r e la t iv e  r a te s  o f
rea c tio n . There i s  a very s l ig h t  in crease in  a c tiv a tio n  energy w ith in crea sin g
11ra te  o f  rea c tio n . A s im ilar  e f f e c t  has been observed by ,Eudson and 1-Ioss in
the so Iv o ly s is  o f  m ethyl- and chlorom ethylphosphonoch loridates. In  t h is  case
i t  was suggested th a t the data in d icated  bond-making and bond-breaking
in flu en ces  to be o f  comparable importance and the in crea se  in  a c tiv e .tio n
energy was then due to the in crea se  in  the P—Cl and P = 0  bond en erg ie s . The
accompanying decrease in  e le c tr o s ta t ic  energy (being a fr e e  energy) produces
the in crease  in  the ra te  o f rea c tio n  a t the p a r ticu la r  temperature o f '
measurement. The data in  Table 3*14* i s  in  contrast w ith the corresponding
data fo r  the heteronuclear phosphonate e s te r s  (Tables 3*2. and 3*11 •) where a
wider v a r ia tio n  o f  a c tiv a tio n  energ ies and entrop ies i s  observed, t h is  may be
fu rth er evidence o f  opposing in d u ctive  and mesomerie e f f e c t s  in  the a lk a lin e
h yd ro lysis  rea ctio n s o f  th ese compounds.
I t  i s  o f in te r e s t  th a t v ;h ilst the ra te  data fo r  the k in e t ic s  o f  a lk a lin e
h yd ro lysis  o f the above phosphonate e s te r s  show a degree o f p /f— d^ in te r a c tio n
between the h e tero cy c lic  r in g  and phosphorus, very l i t t l e  evidence o f  such an
in tera c tio n  i s  in d icated  from the sp ectroscop ic  r e s u lt s  obtained in  t h is  study. 
89G riffin  e t  a l  , however, have prev iously  deduced from u .v . s tu d ies  th a t  some 
conjugation e x is t s  in  phosphine oxides contain ing 2- f u r y l ,  2- t h ie n y l ,
■j2-p yrro ly l and 2 -(1 -me thy Ipyrro l y l )  su b stitu e n ts . In a d d itio n , the H n .m .r .
spectra o f  th ese compounds together w ith -the spectra o f d im eth y l-(2- f u r y l ) -
phosphonate and d im eth y l-(2-th ienyl)p h o  sphonate has a lso  provided fu rth er  
90evidence^ fo r  a conjugation e f f e c t  between the h e te ro cy c lic  r in g  and the  
adjacent phosphorus atom. The 31 p n .m .r. data o f the d ip henyl- and d ie th y l-  
heteroary lpho sphonate e s te r s , however, togeth er w ith the phosphonyl in fra red  
stretch in g  v ib ration  data has in d ica ted  th a t the cr-electron-w ithdraw al by the
h eteroary l su b stitu en t i s  predominant and suggest electron-donation  by the
7C-system o f the h eterocyc le  to  be o f l i t t l e  importance. The apparent
31contrad iction  between the P and infrared spectroscop ic data and the chem ical
evidence ( i . e .  the r a te  data) may p o ssib ly  be explained by the f a c t  th a t the
conjugation i s  too weak to be observed by th ese  spectroscop ic techniq ues, but
86i s  strong enough to be detected  by the more s e n s it iv e  chemical means .
A ltern a tiv e ly  the reduction  in  the r e a c t iv ity  o f  phosphorus compounds towards
n u cleop h iles  obtained on the replacement o f a lk y l groups by alkoxy groups has
9 12been a ttr ib u ted  by Dostrovsky and Halmann , and by Heath to  an electrom eric
e f f e c t .  S im ila r ly , i t  i s  p o ss ib le  th a t such an e f f e c t  might provide a su ita b le
explanation fo r  the apparent discrepancy between the ra te  and spectroscop ic
data obtained fo r  the above phosphonate e s te r s .
3.6 S tudies o f  the Chemistry o f  Pyridylmethylphosphonate E sters .
I t  has thus been estab lish ed  th a t the 2 -fu r y l and 2 -th ie n y l su b stitu en ts
are more electron-w ithdraw ing than phenyl. This a b i l i t y  to  accept e lec tro n —
d en sity  by the ind uctive e f f e c t  i s  r e f le c te d  in  the ra te  data fo r  the a lk a lin e
hyd ro lysis  o f  the d ie th y l e s ter s  o f the 2-fu ry lm eth y l-, 2- th e n y l- ,  and
benzylpho sphonic a c id s . Since the k in e t ic s  o f  a lk a lin e  h y d ro ly sis  o f h e tero -
aryImethylpho sphonate s provides a convenient method o f in v e s t ig a t in g  th e  nature
o f  the in d u ctive  e lec tr o n ic  e f fe c t s  o f  h e tero cy c le s , i t  was o f  in t e r e s t  to
study the chem istry o f  a s e r ie s  o f  pyridylm ethylphosphonates. Thus in  a d d ition
to  enabling a comparison o f the su b stitu en t e f f e c t s  o f the six-membered
135" ^ -d efic ien t’1 he tero aroma t i c  r in g  systems w ith those o f th e ’^ - e x c e s s iv e 11 
155h eterocyc les to be made, the r e la t iv e  e le c tr o n ic  e f fe c t s  a t  the 2- , 3- ,  and
4-p o s it io n s  o f  the pyrid yl r in g  have a lso  been in v e stig a te d .
Diethylme thy lpho sphonate and d i e thy lchlorome thy lpho sphonate have a lso  
been prepared and th e ir  spectroscop ic p ro p erties  and k in e t ic s  o f a lk a lin e  
h yd ro lysis  have been in v e s tig a te d , in  order th a t fu rther comparisons o f  th e  
e lec tro n ic  e f fe c t s  o f  the above h eterocyc les w ith those o f other su b stitu e n ts
could be made.
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A ll reported syntheses o f  pho sphonic acid  e s te r s  contain ing the pyrid ine  
nucleus in  which the phosphorus atom i s  e ith e r  linked d ir e c t ly  to  the hetero­
cy c le  or iso la te d  by one or more methylene groups have involved n u c leo p h ilic  
displacem ent by phosphorus. I n i t i a l  attem pts by Arbuzov and Lugovkin^^ to
2-bromo-, or 2-iodopyrid ine w ith sodium diethylphosphonate were u n su ccessfu l
2 -v in y lp yrid in e  to be the p r in c ip a l product from the rea c tio n  between 1-bromo— 
2 -(2 -p yrid y l)eth an e and sodium diethylphosphonate, and only a sm all y ie ld  o f
reported the sy n th esis  o f (CXXIV) together w ith a s e r ie s  o f su b stitu ted
2-pyridy lpho sphonate s from the reaction  between the r esp ec tiv e  H-methoxy-
pyridinium saJLt and an a lk a l i  m etal d er iv a tiv e  o f diethylphosphonate. In c a se s
where the 2~p osition  i s  blocked, in trod u ction  o f the diethylphosphonyl group
occurs in  the 4 -p o sit io n ; thus diethyl-2,6~dim ethylpyridine-4-phosphona,te
(CXXVl) i s  formed in  the rea c tio n  between lithium  diethylphosphonate and
1572 ,6-dime thy Ipyridinium metho sulpha te. Cadogan reported the form ation o f  
dieth yl-(2-pyridyl)phosph onate when 2 -n itrop yrid in e-lI-ox iae  i s  heated w ith  
tr ie th y lp h o sp h ite , w h ils t  i t  i s  o f  in te r e s t  th a t th e corresponding . c tio n
prepare d ieth yl-(2-pyridyl)phosph onate ( CXXIV) by the reaction  o f  e ith e r
d esp ite  long r e f lu x  p eriod s. In ad d ition , th ese  same -workers^ ^  reported
di e thy 1 -2 -(  2-p yrid y l )eth y lpho sphonate (CXXV) was obtained . Eedmore
w ith 4 -n itrop yrid in e-E -oxid e  f a i l s  to g iv e  the required phosphonate e s te r .
1 585-Pyridylphosphonic acid  (CXXVIl) has been obtained by Burger e t  a l  on the  
treatment o f  ^-py^idyl&iazonium flu orob orate w ith phosphorus tr ic h lo r id e  in  
the presence o f  cuprous bromide.
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The sy n th esis  o f  d ie th y l e s te r s  o f  2 - ,3 - ,  end 4-py^idylm ethylphosphonic
acid s (CXXVIIl), (CXXDC) and (CXXX) r e sp e c tiv e ly  by the H ich aelis-B eck er
reaction  in v o lv in g  the condensation o f  the chlorom ethylpyridine v/ith sodium
159—1 61diethylphosphonate has been reported by M ichalski e t  a l  . These
compounds contain ing the methylene group, a c tiv a ted  by the adjacent p y r id y l  
and phosphonyl groups are o f p a r ticu la r  in te r e s t  in  view o f  th e ir  p o s s ib le  use  
fo r  the sy n th esis  o f  pyrid ine d e r iv a tiv e s . Thus the m e ta llic  d e r iv a t iv e s  o f  
such compounds are formed rea d ily , and can be converted by the W ittig  rea c tio n
*l £2w ith aldehydes and ketones in to  a lk en ylp yrid in es
In the present study, the chlorom ethylpyridines were obtained by the
rea ctio n  between th io n y l ch lorid e  and the corresponding p y r id y lcarb in o l
163according to the general procedure described by Kosher and T e s s ie r i  . A fter  
the period o f  r e f lu x , the chlorom ethylpyridine hydrochloride was p r e c ip ita te d  
by the ad d ition  o f benzene, f i l t e r e d  and r e c r y s ta l l is e d  from eth an o l. The 
hydrochloride was then n eu tra lised  by d is so lu tio n  in  aqueous sodium carbonate  
so lu tio n . The chlorom ethylpyridine thus foxraed was extracted  v/ith benzene and
the so lu tio n  dried before add ition  to a r e flu x in g  so lu tion  o f sodium d ie th y l— 
phosphonate in  benzene., f i l t r a t io n  o f  the rea ction  mixture to  remove sodium 
ch lor id e , fo llow ed by removal o f the so lven t gave the required phosphonates 
(CXXYIIl), ( CXXIX) and (CXXX), which were p u r if ie d  by vacuum d i s t i l l a t io n .
The y ie ld s  fo r  the rea c tio n s  are reduced, presumably due to  th e  s e l f —
.163a u a tem isa tio n  o f the chlorom ethylpyridine. Thus, Kosher and T ess ie r i  
reported th a t i t  i s  p o s s ib le  to recover only J>Q% o f  the chlorom ethylpyridine  
fo llow in g  the n e u tra lisa tio n  o f the hydrochloride in  basic  medium. Examination 
o f the peak in t e n s i t ie s  in  the n .m .r. spectra o f  ( CXXYIIl), ^CXXIX) and (CXXX) 
togeth er w ith g . l . c .  a n a ly s is  in d icated  the products to  be fr e e  o f  
contaminants.
Die thy Ichloromethy lpho sphona/fce (CXXXl) was obtained by the rea c tio n  o f  
chlorornethylpho sphonic d ich lo r id e  with ab so lu te  ethanol in  benzene so lu tio n  in  
the presence o f  p yrid in e, according to the general method described  by
examination o f the n .m .r. spectrum and g . l . c .  a n a ly s is .
DiethyImethylpho sphonate (CXXIl) was obtained by the Arbuzov r e a c tio n  o f
s im ila r ly  checked by the examination o f  the in tegrated  peak in t e n s i t i e s  in  the  
n.m .r. spectrum, m icroanalysis and g . l . c .  a n a ly s is .
The con trastin g  chem istry o f pyrid ine and the ^-^e^tered r in g  h e tero cy c le s  
o f  furan, thiophen and p yrrole, i s  commonly understood in  terms o f  the
chem ical r e a c t iv i t y ' which are observed between pyrid ine and furan , thiophen
CICH R
OCH  2  5(CXXXI) (CXXXII)
1 1 9K osolapoff . The p urity  o f the product was checked by micro a n a ly s is ,
"I 6amethyl iod id e  and tr ie th y lp h o sp h ite  ♦ The p u rity  o f the compound was
1 55"/j-deficient"  nature o f the pyridine r in g  compared w ith the "^-excessive"
"I 55character o f the Jj-^embered r in g  systems . Thus the many d if fe r e n c e s  in
and pyrrole ( e .g .  the r e la t iv e  ra tes  o f  e le c tr o p h i l ic  and n n c le o p h ilic
su b stitu tio n ) are explained on the b a s is  o f e le c tr o n -a v a ila b ili ty  a t the r in g
carbon atoms. In ad d ition , th e r e la t iv e  a b i l i t i e s  o f  the fu r y l, th ien y l and
p y rro ly l su b stitu en ts  compared w ith p y r id y l to  s t a b i l i s e  an e le c tr o n -d e f ic ie n t
tr a n s it io n  s ta te  are resp on sib le  fo r  the large  d iffe re n c e s  which are observed
"165in  sid e  chain r e a c t iv it y .  Thus 2 -fu r y l-  and 2 -th ie n y le th y l a c e ta te s  undergo
p y r o ly s is  more qu ick ly  than phenylethyl a c e ta te , which in  turn i s  pyrolysed
166more quickly than 2-,3->  or 4~P3rcicLylethyl a ceta tes  . In a d d itio n  the
p in acol—pinacolone rearrangement o f  the mixed p in a co ls  (CXXXIII; X = 0 or S)
"167both proceed w ith ex clu siv e  m igration o f  the h eterocycle  , whereas the
rea c tio n  o f the mixed p in aco ls  bearing 2 - ,  and 3-*Py2U<lyl su b stitu en ts  (CXXXIV)
168proceed with the p r e fe r e n tia l m igration o f  the phenyl group •
CH CH CH CH
(CXXXIII) (CXXXIV)
A fu rth er  u se fu l i l lu s t r a t io n  o f  the d ifferen ces  in  the nature o f  pyrid ine
13and the 5-Eiembered heterocyc.les i s  obtained from C n .m .r. spectroscopy. The 
chemical s h i f t s  o f  the r in g  carbon atoms ( in  p.p.m . r e la t iv e  to carbon 
disu lphide) are given below ^^.
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15The C n .m .r. chem ical s h i f t  data rev ea ls  th a t w h ils t the e lec tro n -d en s ity  a t  
the 3 -p o sit io n  o f pyrid ine i s  comparable w ith th a t o f the r in g  carbon atoms o f  
benzene and the 5-nienibered r in g  systems (and s l ig h t ly  greater  than the
2 -p o sit io n  o f  furan) the e lec tro n -d en sity  a t the 2 - , and 4 -p o s it io n s  i s  
reduced. Thus the atoms most a ffe c te d  by the more e lec tro n eg a tiv e  r in g  n itrogen  
a.tom in  pyrid ine are a t the 2- , 6 - ,  and 4 -p o s it io n s .
This inform ation, however, i s  in  s l ig h t  co n tra st with the r e la t iv e  
e le c tr o n e g a t iv it ie s  o f the pyridine r in g  carbon atoms as in d ica ted  by the pKcv
170data o f  the corresponding p y r id y la ce tic  a c id s • Thus the ac id  stren gth  i s
seen to decrease in  the order 2-pyridyl-^> 3-py^idyl-g)> 4“Py*,i8 .y la c e tic  a c id ,
(Table 3 .1 5 .) .
Table 5 .15 .
Io n isa tio n  Constants o f P y r id y la ce tic  Acids in  Water.
Acid pKct
2 -P y rid y la cetic  acid  5*58
3~P yridylacetic  acid  5*64
4-P y rid y la cetic  acid  5*74
31In view o f  th is  data i t  i s  o f  in te r e s t  to consider the P chem ical s h i f t s  o f
the d ie th y l e s te r s  o f  the analogous pyridylmethy lpho sphonic a c id s . On the
b a s is  o f  the sn a il d ifferen ce s  observed in  pK data o f  the p y r id y la ce tic  a c id s ,a
51i t  would be expected th a t any trend which i s  observable in  the P chem ical
31s h i f t s  o f  the phosphonates would be correspondingly sm all. The P n .m .r.
31data togeth er w ith the P chem ical s h i f t s  o f  the d ie th y l e s te r s  o f  m eth yl-, 
and chloromethy lpho sphonic ac id s  are presented in  Table 3 .16 . ,
Table 5*16.
x-|P Chemical S h ift  Data fo r  Diethylpho sphonate E sters In Chloroform.
Compound S ^ P /p .p .m . ( r e l .  to  85/o HJ?0^)
Di e th y l- ( 2-pyridylm ethyl)pho sphonate 
D ie th y l-(  3-pyridylme th y l) pho sphonate 
D iethyl~( 4+pyridy lme th y l)  pho sphonate 
Di e thy Dnethy lpho sphonat e
-21 *75
-21-75
- 21-00
- 26-00
+16-75Di ethylchloromethylpho sphonate
The data in  Table 3.16,  r ev ea ls  th a t th ere i s  very l i t t l e  d if fe r e n c e  in  
31the P chemical s h i f t  o f the 2 -,3 -»  and 4-py^idybnethylpho sphonat e s . The
r e s u lt s  do, however, in d ica te  the 4-pyr‘id y  1methy 1 group to be s l ig h t l y  more 
e lectron egative  than the 2 - , and 3-py^idylm ethyl su b stitu en ts , which on the 
b a s is  o f  these r e s u lt s  have the same e f f e c t  on the sh ie ld in g  o f the phosphorus. 
Comparison o f the data in  Tables 3 * 1 and. 3*”12. a lso  rev ea ls  th a t th e  2 -,3 ->
the benzyl, 2 -th en y l and 2 -fury lm ethyl groups. Indeed the electron-w ithdraw ing  
in d u ctive  e f f e c t  o f  the 2-furylm ethyl su b stitu en t i s  apparently gre?„ier than  
fo r  each o f the pyridy lme th y l groups, which have comparable e le c tr o n e g a t iv it ie s
chemica.1 s h i f t s  o f the above compounds are more p o s it iv e  than fo r  d ie th y  1 -
methy lpho sphonate and thus in d ic a te  electron-w ithdraw al by each o f th e
het eroary lme th y l and benzyl groups compared w ith methyl; a much g rea ter  e f f e c t ,
however, i s  n o ticea b le  fo r  the chloromethyl su b stitu en t.
The frequencies o f phosphonyl in frared  s tre tch in g  v ib r a tio n s  o f the above
phosphonate e s te r s  a lso  r e f le c t  a s im ila r  trend o f  electron-w ithdraw ing a b i l i t y .
Thus the s tre tch in g  frequency o f the phosphonyl bond occurs a t  1250 cm fo r
-1each o f the h et eroary lme thy lpho sphonat es compared w ith 1243 cm fo r  d ie th y  1 -
-1 31me thy lpho sphonate and 1271 cm fo r  diethylch lorom ethy lpho sphonate. The P
31and 4-py^idy lme th y l groups have a sim ilar  e f f e c t  on the P chem ical s h i f t  to
to  2 -th en y l, but are s l ig h t ly  more electron-w ithdraw ing than benzyl. The P
n .m .r. and in frared  data thus in d ica te  th a t th e  2- fu r y l ,  2- t h ie n y i ,  phenyl and 
p yrid y l groups are a l l  in d u c tiv e ly  electron-withdraw ing; the e f f e c t ,  however, 
i s  sm all in  comparison w ith electron-withdraw ing prop erties o f  the ch loro -  
su b stitu en t.
o  c h p ^ 0 0 ^ 5
O c H 2 y < o c ^  a  2
OCH 2  5
(CXXVIII) (CXXIX)
° / ° C2H5CH PC 2  \  OCH2  5
The k in e t ic s  o f a lk a lin e  h yd rolysis o f the d ie th y l e s ter s  o f  2-,3~> and 
4-pyridylmethylphosphonic a c id s  (CXXVIIl), (CXXIX) and (CXXX), in  $0% aqueous 
dioxan have been stud ied , and the second-order ra te  constants are presented in  
Table 3 .1 7 ..
Table 5 .17 .
Second-Order Rate Constants fo r  the A lkaline Itydrolvsis o f Pyridylm ethyl— 
phosnhonate E sters EP(0 ) ( 0C2Hj-)2 in  Aqueous Dioxan (509$ v/v? Q*1M in  ICGl).
R E ster NaOH Temperature k  ,  obs
(M) (M) (°C) ( l  mol'"1 sec""1)
2-iy r id y lm eth y l 0*05 0*05 59*8 4*38 x  10“4
- 0*05 0*05 49-8 2*20 x 10*"4
3-Pyridyhnethyl 0*05 0*05 59-8 6*15 x  10 4
0*05 0*05 49*9 2*81 x  10“4
4-Pyridylm ethyl 0*05 0*05 60*0 CD • K °l
0*05 0-.05 50*0 3*71 x  10~4
The a c tiv a tio n  parameters fo r  th e above rea c tio n s  have been ca lcu la ted  
and are given in  Table J . lQ , .
Table 5 .18 .
Ac t iv a tio n  Parameters fo r  the A lkaline Hydro ly s i s  o f Pyridylm ethylnhosphonate. 
E sters R PtoX oC gH ^ .
R E  ^ AS -^ lO
(kJ m ol”1) (J  K~*1mol~1)
2-Pyridylm ethyl 61*6 -124*7 8*3
3-Pyridylm ethyl 70*74 -  94*5 7*9
4-Pyridylm ethyl 72*1 -  88*1 8*2
The ra te  data in  Table 3*17• thus rev e a ls  the r a te s  o f  a lk a lin e  h y d ro ly sis  
of the pyridylmethylphosphonates ( CXXVIIl), ( CXXIX) and (CXXX) to  decrease in  
the order 4-pyridylm ethyl^> 3-Pyridy 1methy 1^> 2-pyridylm ethyl, the r e la t iv e  
ra tes  being 1*8 : 1*4 • 1. In- each case th e in crease  in  ra te  i s  accompanied 
by an increase in  the a c tiv a tio n  energy fo r  th e rea ctio n  (Table 3 * 1 8 .) , the  
a c tiv a tio n  entropies and log^Q PZ terms are th erefore dominant in  determ ining  
the r e la t iv e  r a te s  o f  rea c tio n . There i s  some co rre la tio n  between th e r a te s  
o f a lk a lin e  h yd ro lysis  o f the pyridylmethylphosphonates and the corresponding
31P chem ical s h i f t  data, (Table 3*16.)* which in d ic a te s  the 4-py^idylm ethyl 
su b stitu en t to be more electron-withdraw ing than the 2-pyridylm ethyl and
3-pyridylm ethyl su b stitu en ts , when attached to  phosphorus. There i s  some 
disagreem ent, however, between the r e la t iv e  order o f  electron-w ithdraw ing  
a b i l i t y  o f  the 2 - ,  3 - , and 4~P3^i<iy3me'fchyl su b stitu en ts  in d icated  by th ese
1 3r e s u lt s ,  and the order which would p o ss ib ly  be pred icted  on the b a s is  o f G^
169n .m .r . chemical s h i f t s  o f  the pyridine r in g  carbon atoms , and a lso  by th e
170pK 1 s o f  the corresponding p y r id y la ce tic  a c id s  . I t  i s  thus o f  in t e r e s t  tocl
consider the observations o f  other workers on r e la ted  system s.
II
(cxxxv) (cxxxvi)
o
I I
(CXXXVIl)
The r a te s  o f a lk a lin e  h yd ro lysis  o f  the e th y l e s te r s  o f  p yrid y lcarboxylic  
acid s (CXXXV) ? (CXXXV I ) and (CXXXVIl) have been studied by Falkner and
being 5 • 2 : 1; in  ea,ch case the increa.se in  r a te  o f alka.line h y d ro ly sis  was
w h ils t  the increased  ra te  o f alkadine h yd ro lysis  o f  e th y l 4-py^i&ylC2—boxyla.te 
compared w ith eth yl 5-Py^i<iylcarboxylate i s  in  agreement w ith evidence th a t  
the r in g  n itrogen  atom withdraws e lec tro n s  more e f f e c t iv e ly  from the 4-> than  
from the 3 -p o s it io n , the lower ra te  o f  h y d ro lysis  o f e th y l 2-p yrid ylcarb oxylate  
compared w ith the 4-isom er may be due to the operation o f  a s t e r ic  e f f e c t .
For comparison, the ra te  o f a lk a lin e  h yd ro lysis  o f the 3-py^i& ylcarboxylate  
ester  proceeds 93 tim es fa s te r  than th a t o f e th y l benzoate, r e f le c t in g  the  
greater e le c tr o n e g a tiv ity  o f a l l  p o s it io n s  o f  the pyridyl r in g  compared w ith  
phenyl.
171 172Harrison and by Agren and "Van der Veen • In both ca ses the r e la t iv e
order o f  r e a c t iv ity  was shown
eth y l 2-pyridylcarboxylate^>  e th y l 5-py^idylcarboxylate, the r e la t iv e  r a te s
171accompanied by a decrease in  a c tiv a tio n  energy. Falkner suggested th a t
C l f t  , r v ' C H 20 C C H 3C H O C C H  sju2  3  IN •
( c x x m i i )  ( c x x x e c )
O
C H O C C H  2  3
( c x l )
173Simonetta and Pavini have reported the r a te s  o f a lk a lin e  h y d ro ly s is  o f  
the pyridylm ethyl a c e ta te s  (CXXXVIIl), (CXXXIX) and (CXL) to  be in  the order
4-pyridylm ethyl^> 5-j>yridylmethyl^> 2-pyridylm ethyl, The mechanism o f the  
hyd rolysis rea ctio n  was shown to in v o lv e  acyl-oxygen f i s s io n  and the r e a c tio n
*1 rr 1i s  th erefore promoted by electron-w ithdraw ing groups in  the a lk y l fu n ctio n  • 
Thus in  the a lk a lin e  h yd ro lysis  o f a s e r ie s  o f phenyl su b stitu ted  benzyl 
a c e t a t e s ^ t h e  order o f  r e a c t iv ity  m-OgNG^H^CH^OAc  ^ lar-MeOG^ H^ GH^ OAc^  
C^H^CH^OAc  ^ p-T'ieOC^ H^ CHgOAc, was observed. The electron-w ithdraw ing a b i l i t y  
o f the pyridylm ethyl groups in d icated  in  the above rea c tio n s  i s  th erefore  in  
agreement w ith  the data obtained fo r  the a lk a lin e  h yd ro lysis  o f  th e analogous 
pyridylmethylphosphonates (CXXVIIl), (CXXIX) and (CXXX).
o  o
G^  c - o c h 3 Q - c- CH3
(C X L I) (C X L II )
o
, -C— H 
N * 1
(CXLIII)
Further evidence regarding the r e la t iv e  e lec tr o n ic  e f f e c t s  o f  p yridy l
17 6su b stitu en ts  has been obtained by K atritzky , from stu d ies  o f  the in frared  
spectra o f  a s e r ie s  o f  pyridylcarbonyl compounds (CXXXV) -  (CXXXVIl) and 
(CXLl) -  (CXLIIl). This data i s  reproduced in  Table 3»19»*
Table 5 .19 .
—1Frequencies (cm ) o f the Carbonyl Infrared Stretching*V ibration o f  some 
Pyridylcarbonyl Compounds.
Compound 2-P yrid yl 3-P yrid yl 4-P yrid yl Phenyl
Ethyl carboxylate 1723 1724 1730 1716
K ethyl carboxylate 1750 1750 1755 1724
Kethyl ketone 1695 1690 1700 1680
Aldehyde ' 1717 1712 1721 1705.
On the b a sis  o f  the above data, i t  would appear th a t the 4-p o s it io n  o f
the p yr id y l r in g  exerts  a greater electron-w ithdraw ing e f f e c t  than the 2- ,  and
5-p o s it io n s , and th is  would expla in  the increased  ra te  o f  a llca lin e h y d ro ly s is
o f  the 4-py^idylmethylphosphonate compared w ith the 3-isom er. The exp lanation
o f the r e la t iv e  ra te s  o f  a lk a lin e  hyd ro lysis o f  the 2- ,  and 3-py^idylm ethyl~
phosphonates i s ,  however, more complex. The in frared  and C^ n .m .r .
169data togeth er w ith th e ra tes  o f  a lk a lin e  h y d ro ly sis  o f th e p yrid y lcarb oxylates
(CXXXV) and (CXXXVl)"^ v:ou]_g suggest th a t the 2 -p o s it io n  i s  m arginally
more electron-withdrawing than the 3-P°sit io n  from centres d ir e c tly  attached
to  the pyrid ine r in g . The s itu a t io n  appears to be reversed , however, fo r
n u c leo p h ilic  rea ctio n s in v o lv in g  2-pyridylm ethyl and 3-py^idylraethyl groups as  
173su b stitu en ts  , I t  i s  p o ss ib le  th erefore , th a t ^-bonding may occur between 
pyridine and su b stitu en ts  attached a t the 3-p o s i t io n . In  ad d ition  th ere  may 
be a s te r ic  e f fe c t  in  rea ctio n s in v o lv in g  2-pyridylm ethyl su b stitu en ts ; the  
reduction in  the frequency fa c to r  ( l o g ^  PZ) fo r  the a lk a lin e  o f  
diethyl-(2-pyridylm ethyl)phosphonate compared w ith logjQ PZ fo r  the r e a c tio n s
o f the 3 -, a^d 4-isom ers (Table 3 .1 8 . )  would appear to support th is  proposal.
The data in  Tables 3.13* and 3*17 • rev ea l th a t the ra te s  o f  a lk a lin e
h y d ro ly sis  o f the pyridylmethylphosphonates are comparable w ith th ose o f  th e
2-fury  Im ethyl-? and 2-thenylphosphonates. Thus d ie th y l-(4 -p y r id y lm eth y l)-
phosphonate (CXXX) undergoes hyd ro lysis  1*1 times fa s te r  than d i e thy1-(2—fu ry  1—
methyl)phosphonate (CX; R = C^H^), w h ils t  d iethyl-(2-pyridylm ethyl)phosphonate
(CXXXVIIl) undergoes a lk a lin e  hyd ro lysis 1*2 tim es fa s te r  than d ie th y l-
(2-thenyl)phosphonate (CXI; R = I t  would appear th erefo re , th a t in  the
absence o f  p fi— dft overlap between the h e tero cy c lic  r in g  and th e rea c tio n  s i t e ,
th e C -in d u ctive  e f f e c t  exerted by the e lec tro n eg a tiv e  heteroatoms in  p yrid in e ,
furan and thiophen, are rough ly equal. The d iffe re n c e s  which are obtained fo r
168 166other s id e  chain r e a c t iv i t ie s  e .g .  the p y r o ly s is  o f a ry le th y l a c e ta te s  ,
are th erefore due to  mesomeric e lectron  tra n sfer  by th e fu r y l and th ien y l  
su b stitu en ts  which i s  absent in  the case o f pyridyl su b stitu e n ts .
5.7 The A lkaline H ydrolysis o f Chloromethyl- and KethyInhosnhonate E ster s .
The k in e t ic s  o f a lk a lin e  h yd ro lysis  o f  the d ie th y l e s te r s  o f  ch lorom ethyl- 
and methylphosphonic ac id s  (CXXXl) and (CXXXIl) have been stud ied  and the  
second-order ra te  constants are presented in  Ta/ble 5*20..
Table 3 .20 .
Second-Order Rate Constants fo r  the A lkaline E ydrolysis o f Phosphonate B sters  
Rp(o)(OGgH^)^ in  Aaueous Dioxan (50% v /v ; 0*11-1 in  KGl).
R E ster NaOH Temperature k ,obs
U'O (M) (°c) ( l  mol~^ sec”*^ )
Chloromethyl 0*02 0*02 60 2*13 x  10“ 2
0*02 0*02 49-8 1*21 x  10~2
Methyl 0«05 0*05 60 -412*6 4 x 10
0*05 0*05 50 6-44 x  10~4
The a c tiv a tio n  parameters fo r  the above rea c tio n s  have been ca lcu la ted  
and are given in  Table 3*21..
The r a te  data in  Table 3*20. thus rev ea ls  th a t d iethylch lorom ethyl— 
phosphonate (CXXXl) undergoes a llsa lin e  h yd ro lysis some 17 tim es fa s te r  than  
diethylmethylphosphonate ( CXXXIl). This r e s u lt  i s  thus in  agreement w ith  the
hyd rolysis to  be 12 : 1 . The increased  ra te  o f  rea ction  o f  the ch lorom ethyl—
which i s  p a r t ia l ly  compensated by d ecreases in  a c tiv a tio n  entropy and log^Q PZ*
Comparison o f the data in  Ta,ble 3,20,  w ith data in  Taoles 3*^3» an& 3*^7•>
however, rev ea ls  th a t diethylm ethylphosphonate undergoes a lk a lin e  h y d ro ly sis
more q u ick ly  than the b en zyl-, 2 -th e n y l- , and 2-fury Im ethyl-, or  each o f  the
pyridylm ethylphosphonates. A sim ila r  r e s u lt  has been obtained by Chabrier 
177e t  a l  who reported r e la t iv e  r a te s  o f 1 3 • 1 Por the a lk a iin e  h y d ro ly s is  o f
diethylm ethylphosphonate and diethylbenzylphosphonate r e s p e c t iv e ly , compared
with the r a tio  o f  12 : 1 obtained in  th is  study.
31P n .m .r. and in frared  sp ectroscop ic  data have in d ica ted  e le c tr o n -  
withdrawal by the C7-inductive e f fe c t  o f  the su b stitu en ts  to  in crea se  the  
p o s it iv e  nature o f th e phosphorus atom in  heteroarylm ethylphosphonates compared 
w ith diethylmethylphosphonate and on th is  b a s is  the r e la t iv e  r a te s  o f  a lk a lin e
Table 3 .21 .
A ctivation  Parameters fo r  the A lkaline H /d rolysis o f Phosphonate E sters
R AS
(J mol"*)(kJ mol
Chloromethyl 49*5 -128*5 6*1
Methyl 60*32 -119*9 6*6
work o f  Aksnes who observed (CXXXl) to  be hydrolysed 15*6 tim es fa s te r  than
•J *J(CXXXIl), and w ith Hid son who observed the r e la t iv e  ra te s  o f  a lk a lin e
phosphonate i s  accompanied by a sm all decrease in  a c tiv a tio n  energy (Table 3*21.)
h yd rolysis  cannot be explained in  terms o f sim ple e le c tr  o n -w it hdr av/a 1 from the
phosphorus atom. Furthermore, examination o f  the data in  Tables 3*14*» 3*^8.
and 3 .21 . does not in d ic a te  the p o s s ib i l i t y  o f  a s te r ic  in te r a c tio n  in  the
hyd ro lysis  rea ctio n s o f  the heteroarylmethyIphosphonates in  view  o f  th e
s im ila r ity  in  log^Q FZ va lu es. The e f fe c t  o f  the leav in g  group on the r e la t iv e
ra te s  o f  a lk a lin e  hydro ly s i s  o f  phosphonate e s te r s  has, however, been in d ica ted
55e a r lie r , and i t  has been suggested th a t e lec tro n eg a tiv e  su b stitu en ts  which 
withdraw electron s from the phosphorns atom a lso  have the e f f e c t  o f  in crea sin g  
P7v — dfi overlap between the leav in g  group and phosphorus. Thus the r e la t iv e  
ra tes  o f a lk a lin e  h yd ro lysis  o f  the d iethylm ethyl and d ieth y lch lorom eth y l-  
phosphonates are 1 : 15*6 whereas the r e la t iv e  r a te s  fo r  the corresponding  
carboxylic  e s te r s  ( in  which there i s  no comparable e f f e c t  due to  th e  lea v in g  
group) are 1 : 258. I t  i s  thus p o ss ib le  th a t in  the case o f the h e ter o a ry l-  
methylphosphonates where electron-w ithdraw al from the phosphorus atom i s  
reduced compared w ith the chloromethyl analogue, the e f f e c t  o f  strengthen ing  
the bond to the lea v in g  group w i l l  be s u f f ic ie n t  to  reduce the ra te  o f  a lk a lin e  
h yd rolysis  r e la t iv e  to diethylm ethylphosphonate where i t  i s  expected th a t  the
methyl su b stitu en t i s  e lectron-donating.
28Haake e t  a l  have provided evidence fo r  the in terv en tio n  o f  a penta- 
coordinate interm ediate in  the a lk a lin e  h yd ro lysis  o f  phosphinate e s t e r s .  The 
extension  o f  t h is  concept to the a lk a lin e  h yd ro lysis  o f phosphonate e s te r s  
could p o ss ib ly  explain  the above r e s u lt s .
o OH o
K Io — R P O" -t- ROH
OR OR
(CXLIV)
OR
(18 )
Thus in  the a lk a lin e  h yd ro lysis  o f diethylch lorom ethylphosphonate the e le c tr o n -  
withdrawing e f f e c t  o f the chloromethyl su b stitu en t in creases such th a t the  
amount o f ( CXLIY) present a t  equilibrium  i s  much greater than fo r  d ie th y l­
methylphosphonate. In the case o f the heteroarylm ethylphosphonate e s te r s ,  
however, although the e 1 ectron-withdrawing e f f e c t  o f  the heteroaryIm ethyl 
su b stitu en t in crea ses  k^  compared w ith  th at fo r  diethylm ethylphosphonate, the  
d ifferen ce  in  the amount o f ( CXLIY) present a t equilibrium  i s  in s u f f ic ie n t  to  
overcome the decreases in  r e su lt in g  from the strengthening o f  the bond to  
the leav in g  group. As a r e s u lt  the o v e r a ll ra te  o f  a lk a lin e  h yd ro lysis  o f  th e  
heteroarylmethylphosphonate i s  reduced.
Comparison o f the data in  Tables 3 A . and 3*20. a lso  rev ea ls  th a t d ie th y l— 
methylphosphonate undergoes a lk a lin e  h yd ro lysis  in  >^0 % aqueous dioxan 1*3 tim es
fa s te r  than diethylphenylphosphonate (IC; R = CgH^). This data thus co n tra sts
Aftwith the r e s u lt s  o f Hudson who found the r a te s  o f  a lk a lin e  h y d ro ly sis  o f
diethylphenylphosphonate and diethylm ethylphosphonate in  w ater, to be in  the
r a tio  o f 1 *8 : 1 . Reference to  the s tu d ies  o f  other workers has in d ica ted
177sim ilar  f in d in g s . Thus, Chabrier e t  a l  have found the a lk a lin e  h y d ro ly sis
o f  dimethylmethylphosphonate to  proceed 1*2 tim es fa s te r  than fo r  d im ethyl-
178phenylphosphonate (IC; R = CH^), whereas C h risto l et a l  have reported  the  
increased ra te  o f  a lk a lin e  h yd ro lysis  o f (IG; R = CH ) compared w ith  dim ethyl— 
methylphosphonate, the ra tio  being 1*8 : 1 . Extension o f  the survey to the  
r e a c t iv ity  data o f  other organophosphorus d e r iv a tiv e s , however, r e v e a ls  th at
the methyl e ster  o f  dim ethylphosphinic ac id  undergoes a lk a lin e  h y d ro ly s is  12*5
26 28 10 tim es fa s te r  than m ethyldiphenylphosphinate 9 . In add ition  ethylm etbyl-
phosplionyl ch loride (CXLV; R = CH )^ undergoes s o lv o ly s is  in  5% aqueous acetone
1*4 tim es fa s te r  than ethylphenylphosphonyl ch lorid e  (CXLY; R = C^H )^ under
the same con d ition s.
2 5
(CXLY)
AnHudson has explained h is  r e s u lt s  in  terms o f  the ind u ctive  e f f e c t  o f  th e
31phenyl su b stitu en t, which a id s  the approach o f  the n u cleop h ile . Indeed '  P 
n .m .r . and in frared  sp ectroscop ic  data obtained in  the present study support 
the suggestion  o f  increased  e 1 ectron-u ithdraval from the phosphorus atom in  th e  
corresponding phosphonate e s te r s  by the phenyl su b stitu en t compared w ith  th e  
methyl su b stitu en t. Hovrever, as in  the case o f  th e heteroarylm ethylphosphonates, 
i t  could be suggested th at the r e la t iv e  r a te s  o f a lk a lin e  h y d ro lysis  o f  
(IC; R ss C^ H^ ) and (CXXXIl) are determined by the e f f e c t  o f the su b stitu en t on 
the bond to the leav in g  group.
3*8 Studies o f the Chemistry o f  Substitu ted  Phenylphosphonates. The 
In v estig a tio n  o f  a S tru etiv e-R ea x tiv ity  C orrelation in  the A lkaline h yd ro lysis  
o f  Phosphonate E ster s .
Hie ra te  data fo r  the a lk a lin e  hyd ro lysis  o f  the above h e tero a ry l-  
phosphonates and heteroarylm ethylphosphonates has shorn th at the r a te  o f  
n u cleo p h ilic  a ttack  a t the phosphonyl group i s  in flu en ced  by both, in d u ctive  
e f f e c t s  through thecr-bonds lin k in g  the su b stitu en ts  to  phosphorus, and a lso  
to  mesomeric e f f e c t s  in vo lv in g  pft o r b ita ls  o f th e su b stitu en t and dfi o r b ita ls  
o f  phosphorus. Purthermore the importance o f  th e lea v in g  group i s  a lso  
in d ica ted . In p a rticu la r  the r e s u lt s  fo r  the heteroarylphosphonates are 
s ig n if ic a n t  s in ce  they o f f e r  d ire c t evidence fo r  both d -electron -w ith d raw al 
and a lso  fi-e lectron -d on ation  by an aromatic su b stitu en t lin ked  to  the phosphonyl 
group, and a lso  the consequence o f th ese  e f f e c t s  upon the r a te  o f  n u c le o p h ilic  
attack  a t phosphorus. The ra te  data thus confirms d ir e c t ly  the e a r lie r  
spectroscop ic evidence fo r  these e le c tr o n ic  e f f e c t s  vhich has been obtained by
(CXLVl)
other workers. Tims bathochromic s h i f t s  o f the primary band in  the u .v .
89absorption spectra  o f a s e r ie s  o f  tr ih e te r o a r y l-  and p -su b stitu ted  tr ip h en yl—
rj r  rjS *j
phosphine ox id es ’ r e la t iv e  to the parent arene, together w ith H n .m .r.
90data , support the proposal o f  Tf-mesomeric e f f e c t s  in  phosphacyl compounds 
contain ing aromatic su b stitu en ts  linked to  phosphorus.
O H
ff, . i l l  ,
P (C6H s ) 2  (CXLVIl)
A q u a n tita tiv e  measure o f  the resonance electron-withdraw ing e f f e c t  o f
179the diphenylphosphinyl group was obtained by Konagle e t  a l  by the study o f  
the d is so c ia t io n  constants o f  benzoic acid s (CXLYl) and phenols (CXLVIl) 
contain ing the diphenylphosphinyl group as a su b stitu en t. I t  was shorn that 
fo r  each s e r ie s  the para-isom er i s  more a c id ic  than the meta^- isom er, 
consequently fo r  both benzoic a c id s  (CXLVl) and phenols ( CXLVIl), (7 obtainedlr
from the study i s  grea ter  than (T ; the d iffe re n c e  C7 -  CT being grea ter  in  th em p m
case o f  the phenols (CXLVIl) where resonance e f fe c t s  are expected to  be more
s ig n if ic a n t . The va lu es o f cr^, which r e f le c t  in d u ctive  e f f e c t s  o n ly , are
approximately equal fo r  the benzoic acid and phenol. The r e la t io n sh ip  o f  the
(7 va lu es thus corroborates the sp ectra l evidence in d ic a tin g  the presence o f a
resonance e f f e c t ,  in v o lv in g  pj\— d^ in ter a c tio n s  w ith  phosphorus.
179The value o f  O* obtained by Monagle e t  a l  fo r  the diphenylphosphinyl 3?
group in  the acid  ( CXLVl), where there i s  no d ir e c t  resonance, i s  in  good
180agreement w ith the <J^  value obtained by G r iffin  e t  a l  fo llo w in g  the a n a ly s is  
13o f  the n .m .r. spectrum o f  triphenylphosphine ox id e . The su b stitu en t va lu es
(a  and (7 +) fo r  other phosohorus su b stitu en ts  were a lso  determined by G r iff in  P P
in  th is  study.
In order to  fu rth er  study the in ter a c tio n  o f the phosphonyl group w ith  
su b stitu en ts  and in  p a rticu la r  the e f fe c t  o f such in ter a c tio n s  upon the ra te
of n u cleo p h ilic  displacem ent rea ctio n s o f  phosphorus, and a lso  to  obtain  
fu rth er inform ation regarding the tr a n s it io n  s ta te , i t  was o f in t e r e s t  to 
in v e s t ig a te  the p o s s ib i l i t y  o f  a s tr u c tu r e -r e a c tiv ity  (Hammett) c o rr e la tio n  
fo r  the a lk a lin e  h yd ro lysis  o f su b stitu ted  arylphosphonate e s te r s .
Methods fo r  the preparation o f  su b stitu ted  phenylphosphonic a c id s  and the  
corresponding acid  e s te r s  are w e ll e sta b lish ed  and much o f  the e a r l ie r  work
concerning the sy n th esis  and p h y sica l p ro p erties  o f these compounds has been
119 105covered in  review s by K osolapoff and la te r  by Preedman and I)oak . The
181e a r lie r  methods include the P ried e l-C ra fts  rea c tio n  between the su b stitu ted
benzene d e r iv a tiv e  and phosphorus tr ic h lo r id e  in  the presence o f aluminium
ch lor id e , to g iv e  a halophosphine complex which i s  subsequently trea ted  w ith
ch lorine gen and then a lcoh o l under reduced pressure a t low temperatures to
produce the e s te r . Other procedures include the reaction  between aryldienonium  
182 185s a l t s  9  ^ and phosphorus tr ic h lo r id e , in  the presence o f  copper s a l t s ,
follow ed by the h yd ro lysis  to produce the ac id  which can be e s t e r i f ie d ,  and 
a lso  the rea ction  between orgenom etallic interm ediate and the corresponding  
halophosphate e s te r . liore recent methods fo r  obtain ing su b stitu ted  ph en yl-
phosphonate e s ter s  in clu d e the p h o to ly tic  m od ifica tion  o f the Arbuzov rea c tio n
94. 97 98developed by G riffin  e t  a l  , and a lso  the n ickel^  or palladium  s a l t
cata lysed  Arbuzov rea c tio n .
o  
N d c h
C H ^  2 5  ( c x l v iii)
In the present study d ieth yl-(m -to ly l)phosph onate ( CXLVIII) was prepared  
by the p h o to ly s is  o f  m-io do toluene in  the presence o f  tr ie th y lp h o sp h ite , 
according to the general procedure described by G r iff in  e t a l ^ .  The m ixture 
was degassed by flu sh in g  w ith  dry nitrogen and irrad ia ted  w ith  a medium
pressure quartz mercury discharge lamp. The excess tr ie th y lp h o sp h ite  was then  
removed and the product p u r ified  by repeated d i s t i l l a t io n .  The f i n a l  pu rity  
o f the product was checked by g . l . c .  a n a ly s is  and a n a ly s is  o f th e  in tegra ted  
peak in t e n s i t ie s  in  the n .m .r. spectrum o f  th e compound. Attempts to  prepare _ 
diethyl-(p-m ethoxyphenyl) phosphonate (CIL) and diethyl-(m -form ylphenyl)-  
phosphonate (CL) by th is  procedure resu lted  in  poor y ie ld s  o f th e  products, 
such th a t a lte r n a tiv e  methods o f  preparation were in v e s tig a te d . In ad d ition , 
the attempted photochemical, sy n th es is  o f  diethyl-(p~am inophenyl)phosphonate and 
diethyl-^m -ch lorophenyl)phosphonate (CLl) were s im ila r ly  u n su ccessfu l and in  
each case the s ta r t in g  m ateria ls were recovered.
phosphite was added dropwise under n itrogen , to  a suspension o f  n ic k e l ch lo r id e
in  the la t t e r  stages o f the procedure, the r e s id u a l o i l  was d i s t i l l e d  to  g iv e  
the phosphonate e s ter  (CIL) in  good y ie ld . The g . l . c .  and n .m .r . a n a ly ses  o f  
the compound in d icated  a pu rity  of>99^»
M / O C H
CHO(CIL) (CL)
The sy n th esis  o f  diethyl-(p-m ethoxyphenyl)phosphonate (CILJ was carr ied
97out according to the general procedure described by Tavs^'. Thus t r ie t h y l—
in  p-bromoanisole maintained a t 160°. Follow ing the removal o f  the n ic k e l  s a l t
o o
(CLI) ° C2H5 ( g l ii)
D iethyl-(m -ch lo i’o phenyl) phosphonate (CLl) was obtained by th e reverse  
101a d d ition  o f  m-chlorophenylmagnesium bromide to d iethylphosphoroch loridate  
in  e th er , a t r e f lu x  tem peratures. Diethyl-(p-brom ophenyl)phosphonate (CLIl)
was s im ila r ly  prepared from p-bromophenylmagnesium bromide. In each case  a
high p u rity  o f  the product was in d ica ted  by g . l . c .  and n .m .r. a n a ly s is .
The Hammett equation has been ap p lied  su c ce ss fu lly  to a  number o f  r ea c tio n s
in v o lv in g  organophosphorus compounds. I n i t ia l ly ,  Ja ffe^  Freedman and Doak*^
reported the a p p lica tio n  o f  the r e la t io n sh ip  to  the d is so c ia t io n  constants o f
a number o f su b stitu ted  phenylphosphonic a c id s . Kore recen tly  the equation
185has been extended by Quin and Dysart to  the d is so c ia t io n  con stan ts o f
186arylphosphinic a c id s , and in  m odified form by Kabachnik to  a v a r ie ty  o f
187phosphoric ac id  d er iv a tiv e s  and th e ir  mono-, and d it h io -  analogues • • In
31ad d ition , Freedman e t  a l  have in v e stig a te d  su b stitu en t e f f e c t s  in  P n .m .r .
31and have obtained lin ea r  c o rre la tio n s  between the '  P chemical s h i f t s  o f a
131 1 32number o f su b stitu ted  phenylphosphonic ac id  d e r iv a tiv e s  9 and the
corresponding o  or cj con stan ts, m p31The P chemical s h i f t s  o f  the su b stitu ted  phenylphosphonate e s te r s  
(CXLVIII) -  (CLIl) prepared in  t h is  study have been obtained and are presented  
in  Table 5*22..
Table 5.22.
31P Chemical S h ift  Data fo r  Su bstitu ted  Phenylphosphonates in  Chloroform.
Compound £ ^ P /p .p ,m . ( r e l .  to  85/6 H^PO )^
D iethyl-(m -ch lorophenyl) phosphonate -14* 1
D ieth y l-(m -f ormy Iphenyl) phosphonate -14*2
Di ethyl-(p-brom ophenyl )pho sphonate -15*5
Di ethylphenylpho sphonate -16*75
D iethyl-(m -tolyl)phosphonate -17*0
Di ethyl-(p-m ethoxyphenyl)pho sphonate -17*5
* G .l .c .  a n a ly s is  o f  th is  compound in d icated  a p u rity  o f  -JQP/o 
The va lu es in  p.p.m . fo r  the chemical s h i f t s  o f  the su b stitu ted  phenyl­
phosphonates are p lo tte d  in  Figure 3*1* v ersu s the corresponding Hammett O’ or
1 55O’ su b stitu en t constants . In agreement w ith the r e s u lt s  obtained by
-14 m-Cl
> m-CHO
X p -Br
-16
p-OCII
31p
I
-18
0*40*1 0*20*0
  Hammett Sigma Constant — >
Figure 5.1 *
31P Chemical S h if t  (p.p.m . r e la t iv e  to 85/o E^PO )^ o f Substitu ted  D ieth ylp h en yl- 
phosphonates in  Chloroform v s  <Jm or (7^  the Hammett Substituen t Constant.
Freedman e t  a l^ '^ ’ ^''^, the data in  Table 3*22. in d ic a te s  the ^ P  chemical 
s h i f t  to be a ffec te d  in  a d ir e c tio n  op p osite  to  th a t expected on the b a s is  o f
the e 1 ectron-withdrawing a b i l i t y  o f  the su b stitu en t, as pred icted  by quantum
130 31mechanical theory . In ad d ition  a lin e a r  re la t io n sh ip  between the P
133chem ical s h i f t s  and the Hammett su b stitu en t constants i s  in d ica ted  
(co rre la tio n  c o e f f ic ie n t  = 0*96). The la r g e s t  d ev ia tio n  from the c o rre la tio n
v-j
(F igure 3*1 •)  i s  obtained fo r  the p-methoxyphenylphosphonate (CIL). The P 
chem ical s h i f t  i s  more p o s i t iv e  than i s  pred icted  by the O constant andir
th erefore  the r e s u lt  p o ss ib ly  in d ic a te s  the (J-inductive electron-w ithdraw ing
e f f e c t  o f  the p-methoxy group to  be more important in  comparison w ith the
31mesomeric e lectron-d onation , in  the determ ination o f P chem ical s h i f t .
Evidence in  favour o f  th is  proposal i s  provided by th e improved co rre la tio n
c o e f f ic ie n t  o f  0*98 which i s  obtained when the o °  constant fo r  th e  su b stitu e n ts ,
which r e f le c t s  s o le ly  the in d u ctive  e f f e c t  o f the su b stitu en t, i s  p lo tted
a g a in st the ^ P  chemical s h i f t  (Figure 3 « 2 .) . A s im ila r  s itu a t io n  has been
31in d ica ted  p rev iou sly  fo r  the y P n .m .r. spectra o f heteroaxylphosphonates.
31Thus the J P chemical s h i f t s  o f  the heteroarylphosphonate e s te r s  have in d ica ted
the electron-withdrawing a b i l i t y  o f  the h eteroary l su b stitu en ts  to  decrease In
the order, 2 -fu ry  1^> 2 -(l-m eth y lp yrro ly l)^ >  2 -th ien y l^ >  phenyl, w h i ls t  the
k in e t ic s  o f a lk a lin e  h yd ro lysis  o f th ese  compounds have suggested a l e v e l l in g
o f  the electron-withdraw ing e f f e c t s  as a r e s u lt  o f  pft— d/\ mesomeric in te r a c t io n s .
31I t  i s  o f  in t e r e s t  to  compare the slop es o f  the c o rr e la tio n s  between P
chemical s h i f t s  o f  the su b stitu ted  phenylphosphonates and Hammett su b stitu en t
constants which have been obtained in  the presen t study, w ith the corresponding
1 32data o f  Freedman e t  a l  • S lopes o f  5*33 6*32 r e sp e c t iv e ly , were obtained
Qfo r  the p lo t s  o f  P chemical s h i f t  aga in st C7 andCJ in  the p resen t study,
1 32compared w ith slop es observed by Freedman J o f  5*79 4*58 fo r  th e meta— and
para^-substituted compounds r e sp e c tiv e ly  in  acetone so lu tio n , and s lo p e s  o f  
6*20 and 5*^3 fo r  the meta- and p ara-su b stitu ted  phosphorates in  ethanol
-14
m-Cl
X p - b*
-16
-17 m-CH.
-18
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ffigure 5 .2 .
31P Chemical S h ift  (p,p.m , r e la t iv e  to 85% H^ PO^ ) o f  Su b stitu ted  D ieth ylp h en yl-  
phosphonates in  Chloroform v s  o °  the Hammett Substituent Constant,
so lu tio n . There i s  thus a c lo se  agreement between the r e s u lt s  o f  the present
132study and the corresponding data obtained by Preedman e t a l  .
xj£h>-"(oc2hs)2 x-oUchpIJoOho,
3
(XLIV) (XLVI)
O  o
I!x_< Q _ p(or)2 x- O ch2p(or).
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51The extension  o f  the Hammett equation to n u c leo p h ilic  displacem ent a t
phosphorus ( specificaJLly ~*0H) has been demonstrated by a number o f  workers.
Pukuto and l l e t c a l f ^  obtained a lin e a r  co rre la tio n  (slop e  = 1 * 3 )  between
lo g  k (h y d ro ly sis) and the corresponding Hammett su b stitu en t value fo r  a s e r ie s
o f  su b stitu ted  phenyl d ie  thy 3-phosphates (XLIV). Arrangement o f the da,ta in to
a conventional Hammett p lo t by Lieske e t  ad/ gave a rea ctio n  con stan t (p) o f
1 *9. A co rre la tio n  was s im ila r ly  obtained by Lieske fo r  the a lk a lin e
h yd ro lysis  o f a number o f p ara-su b stitu ted  phenacyl-p-nitrophenylm ethyl-
phosphonates (XLVl) w ith a r esu lta n t rea ctio n  constant (p) o f  1 Chinese
125workers have a lso  studied the e f fe c t  o f  su b stitu en ts  on the l a b i l i t y  o f  the  
P-O -alkyl bond o f d ia lk y l p -su b stitu ted  phenyl- and benzylphosphonates (G U I  
and CIV; R = C^H ,^ CgH^)as measured by the r a te s  o f a lk a lin e  h y d ro ly s is .
I t  was reported tha t a q u a n tita tiv e  re la t io n sh ip  e x is t s  between the corresponding  
Gp su b stitu en t constants and the ra te  constant fo r  the rea c tio n , and from th e ir  
data a p  value o f 2*1 can be ca lcu la ted . I t  was a lso  proposed th a t the  
in v e s t ig a tio n  had shown the a lk a lin e  h yd ro lysis  o f phosphonate e s t e r s  to  
proceed v ia  attack  by the n u cleop h ile  a t  phosphorus.
The k in e t ic s  o f  a lk a lin e  h y d ro ly sis  o f the su b stitu ted  phenylphosphonate 
e s te r s  ( CXLVIII), (CIL), (CLl) and (CLIl) in  0*05 molar so lu tio n  in  50% aqueous 
dioxan have been stud ied  and the second-order ra te  constants are presented in  
Table 3 .2 5 . .
Table 5 .25 .
Second-Order Rate Constants fo r  the A lkaline hydrolysi s o f  S u bstitu ted  Phenyl- 
•phosphonate E sters in  Aqueous Dioxan (50% v/v; Q*1il in  KCl) a t  59*7°G.
Compound k ,obs
( l  mol”*^ sec"^ )
Diethy 1 - (m~chloropheny 1 )phosphonate 37*17 x  10~"^
Di e thy l-(p-brom ophenyl) phosphonate 25*33 x  1Q~^
Diethylphenylphosphonate 9*74 x  1Q"~^
D ie th y l-(m -to ly l)  pho sphonate 5*50 x  10
Diethyl-^p-methoxyphenyl)phosphonate 2*5& x 10"^
The lo g  (k /kQ) va lu es have been p lo tted  versus the appropriate CT^  os’ CTp 
133constant fo r  the su b stitu en t. A co rre la tio n  c o e f f ic ie n t  (r )  o f  0*99 i s  
obtained and a reaction  constant (p )  Of 1 •88 i s  determined from the slop e o f  
the graph. The Hammett p lo t  i s  shown in  Figure 3»3«»
The data in  Table 3»23» r ev e a ls  th a t the ra te  o f the h y d ro ly sis  rea ctio n  
i s  increased  by electron-withdraw ing su b stitu en ts  and decreased by e lec tr o n -  
donating su b stitu e n ts , and th is  i s  r e f le c te d  in  a p o s it iv e  rea c tio n  constant. 
Furthermore, o f p a r ticu la r  importance, i s  the f i t  o f  the p-methoxy compound 
with the co rre la tio n  obtained in  th is  study, in d ica tin g  resonance type  
in ter a c tio n s  in  the h yd rolysis  reaction  s in ce  the in d u ctiv e  e f f e c t  a lone would 
in crease  the ra te  o f  a lk a lin e  h yd ro lysis  o f (GIL) compared w ith u n su b stitu ted  
diethylphenylphosphonate (IC; R = Ggik).
The rea c tio n  constant (yo) i s  in terp reted  as a measure o f  the s u s c e p t ib i l i t y
188o f the rea c tio n  to su b stitu en t e f f e c t s  , and i t  i s  thus o f  in te r e s t  to  compare
m-Cl
0*2
0*0
)( m-GH.
0*1- 0-1 0*2- 0*2 0*0
Hammett Sigma Constant 
Figure_5..3».
Log (k/kQ) fo r  the A lkaline Hydro ly s i s  o f  Substitu ted  D iethylphenylphosphonates
v s  (7 or CT the Hammett Substituent Constant* m p
the rea c tio n  constant obtained in  th is  study w ith the corresponding constant
fo r  the a lk a lin e  h yd ro lysis  o f  e th y l benzoates. The value o fp  fo r  th e la t t e r
reaction  i s  so lven t dependent and values o f  1*82 to 2*85 fo r  the a lk a lin e
h yd rolysis  o f meta- and p ara-sub stitu ted  e th y l benzoate e s te r s  have been l i s t e d  
A 33by J a ffe  . The rea ctio n  constant obtained in  the above study o f  phosphonate 
ester  hyd rolysis f a l l s  w ithin t h is  range and th erefore i t  would appear th a t  
su b stitu en t e f fe c t s  on the r a te  o f  a lk a lin e  hyd ro lysis  o f d iethylphenyl­
phosphonate e s ter s  are comparable w ith e f f e c t s  obtained fo r  the a lk a lin e  
hyd ro lysis  o f the corresponding e th y l benzoates. This r e s u lt  has been suggested  
previou sly  by the s im ila r ity  in  the r e la t iv e  r a te s  o f  a lk a lin e  h y d ro ly s is  o f
the diethylheteroarylphosphonate e s te r s  and the r e la t iv e  r a te s  o f  a lk a lin e
122 "123h yd ro lysis  o f e th y l heteroarylcarboxylates * .
The data , however, does not g iv e  unambiguous evidence regarding the ex ten t
o f  the in ter a c tio n  between the su b stitu ted  a ry l group and the phosphonyl group.
I t  could be argued th a t a comparison o f th e p  constants fo r  th e  a lk a lin e
1 33h yd rolysis  o f diethylphenylphosphonate e ster s  and e th y l benzoates in d ic a te s
sim ilar  in ter a c tio n s  between the su b stitu ted  a r y l moiety and the phosphonyl
group to  those involved between the su b stitu ted  a ry l moiety and the carbonyl
11group. I t  has been in d ica ted  p rev iou sly , however, tha t whereas bond-making 
and bond-breaking processes are o f comparable importance in  th e determ ination  
o f  r a te s  o f  a lk a lin e  h yd ro lysis  of phosphonate e s t e r s ,  the r a te  constant fo r  
the a lk a lin e  h yd rolysis o f carboxylate e s ter s  r e f le c t s  predominantly th e  e f f e c t  
o f su b stitu en t on bond-formation. The' s im ila r ity  in  the rea c tio n  con stan ts fo r  
the a lk a lin e  h yd rolysis o f diethylphenylphosphonates and e th y l benzoates 
th erefore r e f le c t s  s o le ly  a s im ila r ity  o f  su b stitu en t e f fe c t s  on the o v e r a ll  
rea c tio n  constant in  each ca se .
The s iz e  o f  the reaction  constant i s  a lso  an in d ic a tio n  o f the ex ten t o f  
charge development during the reaction  a t the atom o f the rea c tin g  s id e  chain  
adjacent to the r in g . Thus the reaction  constant fo r  the a lk a lin e  h y d ro ly sis
T55o f e th y l benzoa.tes in  which the carhon adjacent to the r in g  i s  involved in
hoth bond-making and bond-breaking processes i s  much larger  than fo r  benzyl
the phenyl r in g  by a methylene group. The reaction  constant obtained in  t h is  
study (p  = 1*88) i s  thus fu rth er  proof o f n u c leo p h ilic  a ttack  by hydroxide io n
a t the phosphorus atom during the a lk a lin e  h yd ro lysis  o f  phosphonate e s te r s .
5 .9  S tud ies o f  the Chemistry o f  Heteroarylrhosi^hinates and Phosnhine Oxides.
In conclusion , the above study o f heteroarylphosphonates has been extended 
to  the c lo s e ly  r e la ted  phosphinic acid  d e r iv a tiv e s . There has been much recent 
in te r e s t  in  the chem istry o f diaryIphosphinic acid s and the re la ted  e s te r s .
Eaake e t  a,l have esta b lish ed  th a t e le c tro n ic  e f f e c t s  are important in  
n u cleo p h ilic  displacem ent rea ctio n s a t  phosphinyl phosphorus and in  the  
a lk a lin e  h yd ro lysis o f  (IL) and (L ), a lin e a r  co rre la tio n  has been reported  
between the ra tes  o f hyd ro lysis  and the corresponding Hammett (7 con stan ts fo r  
the su b stitu en ts  Further work by Baake^ on compounds o f  type (L III;
R = CH^ ) and by Cooke^^ on compounds o f  types (LIV; R = CH )^ and (LV; R^  = 
has shown n e g lig ib le  d iffe ren c es  in  the r a te s  o f  the a lk a lin e  h y d ro lysis  
rea ctio n s o f  these c y c l ic  phosphinates compared w ith th ose o f the a c y c lic  
analogues ( h ) , in d ic a tin g  ft - in te r a c t io n s  between the phenyl r in g s  and phosphinyl 
phosphorus to be independent o f  bond angle.
a< 1 5^c e ta te  hyd rolysis  ^ (p  = 0*47) in  which the rea ctio n  s i t e  i s  is o la te d  from
( I L ) (L)
(L III) (LIV)
(LV)
Kabachnik^ ’ ^  ^  has shown tha t the Hammett equation i s  a p p lica b le  to
su b stitu en t e f f e c t s  on the strengths o f organophosphorus acid s o f the gen era l 
type (C L IIl), and a lin e a r  re la t io n sh ip  has been obtained in  variou s media fo r  
oxyacids and th io a c id s  o f  phosphorus w ith various su b stitu en ts  A and B.
co rre la tio n  are obtained when two a r y l groups are sim ultaneously attached to  
phosphorus, a,s in  d iarylphosphinic a c id s . I t  was suggested th a t a p o ss ib le  
explanation fo r  the d ev ia tio n s i s  the disturbance o f conjugation between the  
■fi-electrons o f  the aromatic systems and the phosphinyl bond, p o ss ib ly  as a 
consequence o f s te r ic  hindrance due to  the overle.p o f the Van der Waal spheres 
o f the ortho-hydrogens. The phenyl r in g s  are turned around the P—G a x is  and 
are thus d isp laced  from a p o s itio n  favourable to conjugation.
In view o f  th ese fin d in g s, i t  was o f  in te r e s t  to  in v e s t ig a te  th e chem istry  
o f heteroarylphosphinate e s te r s . Previous evidence obtained in  t h is  study has 
in d icated  pfi — dfl in te r a c tio n s  to be more important in  heteroarylphosphonates 
than in  the corresponding phenylphosphonates. I t  was thus considered tha.t th e  
p o ss ib le  e f fe c t s  o f  a reduction in  conjuga/tion between the su b stitu en t and 
phosphorus in  phosphinate e s ter s  w i l l  be more s ig n if ic a n t  in  2 -fu ry  1 - and 
2-thienylph osp hin ates, and on t h is  b a sis  the e f f e c t  would be more e a s i ly  
recognised .
(CLIII)
QS 189However, i t  was noted 9 J th a t s ig n if ic a n t  d ev ia tion s from a lin e a r
liethods o f preparing phosphinic acids are presented in  a recent review  by 
190Kosolapoff , and inclu de the a lk a lin e  h y d ro ly sis  o f te r t ia r y  phosphine ox id es .
Reactions in vo lv in g  C—P bond cleavage have been reported by a number o f  
I 9 I - I 93workers , and in  cases o f  mixed phosphine oxides the group which i s
p r e fe r e n t ia lly  cleaved i s  the one most capable o f forming the most s ta b le
19Acarbanion. Thus Freedman e t  a l  have shown th a t fu sio n  o f  the phospholane 
oxides (CLIV) and (CLY) w ith sodium hydroxide y ie ld s  1 -h y d roxy-2 ,5 -d icyc loh exy l-  
phospholane-1 -ox id e  (CLYl) and 1 ,4-diphenylbutylphenylphosphinic acid  (CLYIl) 
r e sp e c tiv e ly .
'Ife-VVW, PI'0>VPhDk n u  V \Ph O Ph O
(CLIV) (CLV)
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I I Ir H  PhffCHCHCHCH Phal l  I 2 2 2OHHO
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Carbon-phosphorus bonds in  heteroarylphosphorus systems appear to be more
su scep tib le  to  cleavage upon treatment w ith  base than G—P bonds in  a lip h a t ic
or aromatic d e r iv a tiv e s . Thus triphenylphosphine oxide i s  ab le  to  w ithstand
vigorous base treatment w ithout bond cleavage, although c er ta in  aminophenyl—
105phosphonic ac id s undergo C—P bond cleavage w ith  n u cleop h iles  . In a d d itio n ,
195b o il in g  aqueous a lk a li i s  s u f f ic ie n t  fo r  removal o f  a phenylethynyl or 
196hydroxymethyl y group from te r t ia r y  phosphine o x id es , w h ils t  a tr ifln o ro m eth y l
group i s  removed when te r t ia r y  phosphine oxides contain ing two or three such
197groups react w ith  water or amine a t  room temperature .
G r iffin  e t a l^ ^ ,  however, have reported th at tr i-(2 -th ien y l)p h o sp h in e
oxide (LXXVIl) undergoes s ig n if ic a n t  "bona cleavage upon h eatin g  w ith aqueous 
sodium hydroxide to g iv e  a m ixture o f d i-(2 -th ien y l)p h o sp h in ic  a c id  and 
thiophen together w ith sodium metaphosphate. I t  was suggested th a t the greater  
degree o f cleavage in  (LXXVIl) compared w ith triphenylphosphine oxide i s  a 
r e f le c t io n  o f the grea ter  s t a b i l i t y  o f the 2 -th ie n y l carbanion in  comparison 
with the phenyl carbanion. The formation o f te r t ia r y  phosphine ox id es  thus 
serves as a fu rther p o ss ib le  method fo r  in v e s t ig a t in g  the r e la t iv e  r e a c t iv it y  
o f  heteroarylphosphorus compounds.
•o
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T ri-(2~fu i^ l)phosphine oxide (LXXVl) and t r i - ( 2 - tiiienyl)phosphine oxide
( LXXVIl) were prepared according to the general procedure d escribed  by G r iff in  
89e t  a l  . Thus phosphorus oxych loride in  eth er , was added dropwise to the  
corresponding h eteroary l-lith iu m  reagent contained in  ether and m aintained a t  
ice -b a th  temperature. Following the ad d ition , the mixture was heated under 
r e f lu x , cooled and hydrolysed. A fter separation and drying o f the organic phase,
removal o f the so lven t gave the corresponding phosphine oxides in  y ie ld s  o f  
15 -  20%, Di~( 2 - f  uryl)phenylphosphine oxide (CLYIIl) and p h en y ld i-( 2 -th ien y 1 ) -  
phosphine oxide (CLIX) were s im ila r ly  prepared from the rea ctio n  between 
2 - f  ury 1-lith ium  or 2 - th i eny 1 -lith iu m  and phenylpho sphonic d ic h lo r id e .
Considerably higher y ie ld s  o f the corresponding phosphine ox id es  were 
obtained by the sy n th es is  o f the heteroarylpho sphine and the subsequent 
oxidation  o f the phosphine in  acetone, u sin g  hydrogen peroxide. T r i-(2 -fu ry  l ) — 
phosphine oxide (LXXVl), tr i-(2 -th ien y l)p h o sp h in e  oxide (LXXVIl) and t r i —2-  
(1-methylpyrrolyl)phosphine oxide (LXXV; R ~  CH )^ were prepared u s in g  th is  
procedure.
The a lk a lin e  h yd ro lysis  o f the phosphine oxides (LXXV; R = GH^ ) — (LXXVIl),
(CLVIIl) and (CLIX) gave con trastin g  r e s u lt s .  Thus an equimolar mixture o f
t  r  i - ( 2 -f  ury l )  phosphine oxide (LXXVl) and sodium hydroxide in  50/6 aqueous dioxan
was heated under r e f lu x  fo r  72 hours to g iv e  d i-(2 -fu ry l)p h o sp h in ic  acid  (CLX)
in  72?6 y ie ld ,  together w ith  an 8;o recovery of unreacted ( LXXVl).
T r i- ( 2-th ienyl)phosphine oxide (LXXVIl) and sodium hydroxide were s im ila r ly
heated under r e f lu x  fo r  120 hours to y ie ld  d i-(2 -th ien y l)p h o sp h in ic  ac id  (CLXl)
in  37/6 y ie ld  together w ith  a 60% recovery o f unreacted phosphine ox id e . In
con trast, however, the rea ction  o f  tri-2~(1-m ethylpyrro3yl)pho sphine oxide
w ith aqueous sodium hydroxide gave no s ig n if ic a n t  C—P bond cleavage and a
q u a n tita tiv e  recovery o f unreacted phosphine oxide (LXXV; R — 0H^) was obtained . 
31Haake e t a l  have recen tly  reported an increased a c t iv ity  o f hydroxide io n  in  
dim ethyl sulphoxide. Attempts to obtain  d i-2 -(l-m eth y lp y rro ly l)p h o sp h in ic  
acid  (CLXIl) by the rea ctio n  o f excess sodium hydroxide and tr i-2 - (1 -m e th y l-  
pyrrolyl)phosphine oxide (LXXV; R =■ CH )^ with 70% dim ethyl sulphoxide /  water  
as solvent, however, s im ila r ly  resu lted  in  near q u a n tita tiv e  recovery o f  
s ta r tin g ’m ater ia l. The r e s u lt  thus confirms the observations o f  G r iff in  e t  
a l } ^  who have p rev iou sly  reported th e absence o f  1-m ethylpyrrole in  the 
rea ctio n  mixture fo llo w in g  the attempted hyd ro lysis o f  (LXXV; R = CH^). The
o rd er .o f r e a c t iv ity  in d icated  by.the h yd ro lysis  o f the triheteroarylphosphine  
oxides was confirmed by the a lk a lin e  h yd ro lysis  o f  th e mixed phosphine ox ides  
(CLVIIl) and (CLIX). Thus, ( 2-f-uryl) pheny lpho sphinic acid (CLXIIl) was 
obtained in  70?o y ie ld  from the reaction  between sodium hydroxide and 
d i- (  2 -fu ry l) pheny lpho sphine oxide (CLVIIl) in  5O/0 aqueous dioxan, fo llo w in g  a 
r e f lu x  period o f  72 hours. The corresponding rea c tio n  o f ph eny l d i -  (2 - th i eny 1) -  
phosphine oxide, however, r e su lted  in  n e g lig ib le  cleavage o f th e 2 - th i eny 1 
group from phosphorus and recovery o f  unreacted phosphine oxide (CLIX) in
withdrawing a b i l i t y  o f  the h eteroary l groups to decrease in  the order 2 -fu r y l
p y r r o ly l) . I t  would appear th erefore  th a t the r e la t iv e  r e a c t iv i t i e s  o f  the 
phosphine oxides are determined prim arily by the electron-w ithdraw ing e f f e c t s  
o f  the su b stitu en ts  which a id s the approach o f the n u cleo p h ile . The r ea c tio n ,
80?o y ie ld .
^ 2
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The above r e s u lt s  thus in d ic a te  the r e a c t iv ity  o f  the tr ih e te r o a r y l-
phosphine oxides to decrease in  the order 2 -fu ry l^ >  2 - th i eny 1^> 2 -(1 -m eth y l-
p y r r o ly l) . In ad d itio n , the 2 -fu r y l carbanion i s  seen to be more s ta b le  than .
91 92the phenyl carbanion. Phosphonium s a l t  h y d ro ly sis  ’ has shorn th e e lectron-
2 -th i eny 1^> 2-(1-m ethylp yrroly l) w h ils t the r e la t iv e  s t a b i l i t i e s  o f  the  
h eteroary l carbanions decrease in  the order 2 -th ien y l^ >  2 -fu ry  1^> 2-(l-m ethyl-
th erefore , c lo s e ly  resem bles the analogous a lk a lin e  h yd ro lysis  o f phosphonium 
s a l t s ,  in  th a t the r e la t iv e  r e a c t iv it y  i s  dependent on both the e lec tr o n -  
withdrawing a b i l i t i e s  o f  the su b stitu en ts  and a lso  the r e la t iv e  s t a b i l i t i e s  o f  
the departing carbanions.
In view o f  the apparent composite nature o f the ra te  constant fo r  the  
a lk a lin e  h y d ro ly sis  o f phosphine o x id es , and s in c e  the above r e s u lt s  do n ot  
provide q u a n tita tiv e  inform ation regarding the r e la t iv e  r a te s  o f  rea c tio n , i t  
i s  not p o ss ib le  to determine the e f f e c t s  o f p o ss ib le  pfi — d^ bonding between 
the su b stitu en ts  and the phosphinyl group. I t  could be argued th a t the  
apparent g rea ter  ease o f hyd ro lysis  o f tr i-(2~ th ien y l)p h osp h in e oxide compared 
w ith tr iph eny lpho sphine oxide ( in  con trast w ith the a lk a lin e  h y d ro ly sis  o f  the 
phenyl- and 2 -th i eny lpho sphonates, which are hydrolysed at approxim ately th e  
same ra te ) p o ss ib ly  in d ic a te s  tha t the e f f e c t s  o f  p fi— dfi bonding appear to  be 
o f l i t t l e  consequence in  in flu en c in g  the ra te  o f rea ctio n . This approach, 
however, would n eg lec t the d ifferen ce  in  the s t a b i l i t y  o f the 2~ th ien y l and 
phenyl carbanions.
The lack  o f  P—G bond cleavage in  the a lk a lin e  h yd ro lysis  o f  t r i - 2 - ( l -  
m ethylpyrrolyl)phosphine ox id e , has prompted further in v e s t ig a t io n s  in to  
p o ss ib le  routes fo r  obtain ing d i-2 -(l-m eth y lp yrro ly l)p h osp h in ic  a c id  (CIXXC).
-i qoK bsolapoff has reported the preparation o f  d iphenyl- and d i - (p-ch lorophenyl) -  
phosphinic acid s by the reaction  o f equimolar amounts o f the corresponding  
Grignard reagent and phosphorus oxych loride. Thus 2-(1 -m eth y lp y rro ly l)-lith iu m  
was added dropwise to  an equimolar quantity  o f  phosphorus oxych loride contained  
in  ether and maintained a t ic e -b a th  temperature. A fter the a d d ition  was 
com plete, the mixture was heated under r e f lu x  fo r  a short period and then l e f t  
overn igh t. H ydrolysis o f  the reaction  m ixture with i c e  cold  w ater, fo llow ed  
by tr itu r a t io n  o f  the in so lu b le  m ateria l w ith sodium hydroxide and a c id if ic a t io n  
w ith d ilu te  hydroch loric ac id , however, y ie ld e d  a brown tarry m a ter ia l which 
could not be induced to c r y s t a l l i s e .
( clxiv)
The f a c i l e  hydro lysis  o f diphenylphosphinam idates to  the corresponding
35phosphinic acid  under m ild ly  acid  conditions has been reported by Eaake e t  a l  .
IT,17-diethyldi-2~( 1 -m ethylpyrrolyl)phospliinam idate ( CLXIV) was thus prepared by
the add ition  o f N ,l^diethylsm idodichloro phosphate to a g en tly  r e f lu x in g  ether
so lu tion  o f  2 -(1 -m eth y lp yrro ly l)-lith iu m . Follow ing a fu rth er  period o f  r e f lu x ,
the reaction  mixture was cooled and hydrolysed. Separation o f the organic
layer follow ed by drying, and removal o f  the so lven t have an o i l  which was
p u rified  by d i s t i l l a t io n .  The so lid  d i s t i l l a t e  was then fu rth er  p u r if ie d  by
r e c r y s ta l l is a t io n  from n-hexane.
Attempted cleavage o f  (CLXIV) w ith re flu x in g  aqueous hydrochloric an id ,
however, le d  to the form ation o f  a resinou s materia,!, thus r e f le c t in g  the
s e n s it iv i t y  o f  pyrrole d er iv a tiv e s  to pro t i c  a c id s . The h y d ro lysis  o f the
phosphinamidate ( CLXIV) under a lk a lin e  conditions in  dimethyl sulphoxide gave
n e g lig ib le  amounts o f the required phosphinic acid , and recovery o f  s ta r t in g
m a ter ia l. Kate constants fo r  the a lk a lin e  h yd ro lysis  o f diphenylphosphinam idates
33have been obtained by Haake who s im ila r ly  reports the s t a b i l i t y  o f  the P—N 
bond to base. N evertheless th is  data r ev e a ls  the increased s u s c e p t ib i l i t y  o f  
diphenylphosphinamidates towards n u c leo p h ilic  displacem ent compared w ith  th e  
2 -(1 -m ethylpyrrolyl)phosphinam idate (CLXIV). I t  i s  thus in d ica ted  th a t th e  
apparent decrease in  electron-withdrawing a b i l i t y  o f the 2 -(1 -m eth y lp yrro ly l)  
su b stitu en t compared with phenyl, con trib u tes to  the inherent s t a b i l i t y  o f  th e  
phospliinamidate ( CLXIV) towards a lk a lin e  h y d ro ly sis .
The anomalous chem istry o f  the 2 -(l-m eth y lp y rro ly l) d e r iv a tiv e s  in
comparison w ith the 2 -fu r y l and 2 -1 h i eny 1 analogues which has "been revea led  in
the phosphonium s a lt  chem istry, has thus been extended throughout the
in v e s tig a tio n  to phosphonates and phosphine o x id es , and i s  fu rth er  in d ica ted
fo r  phosphinamidate s .  The evidence contained in  th is  study would th ere fo re
appear to  support th e suggestion  o f  other workers regarding the r e la t iv e
d is tr ib u tio n  o f  e lec tro n -d en sity  in  furan, thiophen and pyrrole* Thus i t  has 
121been proposed th a t in  furan and thiophen the cj-in d u ctive  e f f e c t  o f  the  
heteroatom i s  more important than the 7\-moment and thus the e lec tr o n -d e n s ity  
i s  d irected  towards the heteroatom, whereas in  pyrrole, the ft-moment predominates 
and the d ire c tio n  o f  e lec tro n -d en sity  i s  towards the r in g . This s itu a t io n  may 
p o ssib ly  explain  the apparent d iffe re n c e  in  the electron-withdraw ing a b i l i t y  
o f the 2 -(1 -m ethylpyrrolyl) su b stitu en t compared w ith the 2 -fu r y l and 2 -th ie n y l  
su b stitu en ts  which lias been in d icated  throughout th is  work.
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The e th y l e s te r s  o f d i-(2 -fu ry l)p h o sp h in ic  ac id  and d i- ( 2 - t h ie n y l) -
phosphinic arid  (CLXV) and (CLXVT) r e sp e c tiv e ly , were obtained from the
rea ctio n  between the corresponding phosphinic acid  and diazoethane. Thus an
ether so lu tio n  o f diazoethane, prepared by the a c tio n  o f  aqueous potassium
1hydroxide on 1'T-ethyl-iI -n itr o - ll-n itr o  so guanidine according to  the method
1Q9described by Stanley was added slow ly to a so lu tio n  o f th e phosphinic acid  
in  ethanol, maintained a t  ice -b a th  temperature. Removal o f the so lv en t in  th e  
la t t e r  stages o f the procedure gave the phosphinate e s ter  (CLXV) or (GLXYl), 
which in  each case was r e c r y s ta l l is e d  from hexane. The p u rity  o f  the compounds 
were checked by micro a n a ly s is , and a n a ly s is  o f the in tegrated  peak in t e n s i t ie s  
in  the n .m .r. spectrum.
Diphenylpho sphinyl ch loride was prepared "by the ox id ation  o f  d iphenyl- 
chlorophosphine in  carbon te tra ch lo r id e  u sin g  gaseous oxygen, according to th e  
method described by Smirnov and Khardin^^. A fter the rea c tio n  was com plete, 
the so lven t was removed and the product d i s t i l l e d .  The phosphinyl ch lor id e  in  
benzene so lu tion  w ith pyridine was then e s t e r i f ie d  by the add ition  o f  ethanol 
to  g iv e  ethyldiphenylpho sphinate (CLXVIl). The f in a l  product was d i s t i l l e d  
under vacuum and the p u rity  checked by g . l . c .  and n .m .r. a n a ly s is .
P—OCH
(CLXVIl)
The ^ P  chemical s h i f t s  o f the phosphinate e s te r s  (CLXV), (CLXVl) and 
(CLXVIl), have been obtained and are recorded in  Table 3«24»»
Table 5.24.
31P Chemical S h if t  Data fo r  Heteroaryluhosohinates in  Chloroform.
& ^p/p .p .m . ( r e l .  to Q$% H^PO )^
-  4*25 
-16*0  
- 27*2
The data in  Table 3*24. rev ea ls  a trend to a greater sh ie ld in g  o f  th e
phosphorus nucleus on p assin g  from phenyl- to 2 - th i en y l- to ’2-furylphosph inate,
in d ic a tin g  the electron-withdrawing a b i l i t y  o f  the su b stitu en ts  to  in crea se  in
51th a t order. I t  i s  o f in te r e s t  th a t th e . P chem ical s h i f t s  o f  the d ie th y l-
heteroaiylphosphonates (Table 3*6.) are more p o s it iv e  than th e ir  ethy lpho sphinate
analogues, in d ica tin g  the ethoxy group to be more electron-w ithdraw ing than
e ith e r  the phenyl or h eteroary l groups, whereas k in e t ic  data from the r a te s  o f
a lk a lin e  h yd ro lysis  has shown appreciable p ^ — dft bonding between the ethoxy
51group and phosphorus. In the d iscu ssion  o f th e . P n .m .r. sp ectra  o f the
Compound 
E th y ld i-( 2-furyl)pho sphinate  
E th yld i- ( 2- th i eny 1) pho sphinat e 
Ethyldi pheny lpho sphinat e
h etero a ry l- and su b stitu ted  pheny lpho sphonate e s te r s , i t  has been in d ica ted
th a t the chem ical s h i f t  i s  determined prim arily by the in d u ctiv e  e f f e c t  o f
su b stitu en ts and th a t7\—bonding appears to be o f  minor importance. The above
r e s u lt s  would appear to  g iv e  fu rth er support to  t h is  proposal.
On the b a s is  o f  th is  argument i t  would be expected th a t the data presented
in  Table 3»24« would g ive  l i t t l e  inform ation regarding the changes in  pfi— d^
bonding which r e s u lt  when a second h eteroary l group i s  attached to phosphorus.
31In ad d ition , the  ^ P chem ical s h i f t s  would in d ica te  a decrease in  the p o s it iv e  
m tu re  o f  the phosphorus in  the pho sphinate e ster s  compared w ith the  
corresponding pho sphonate e s te r , and would th erefore p red ict a decrease in  the  
r a te s  o f  n u c leo p h ilic  displacem ent. The k in e t ic s  o f  a lk a lin e  h y d ro ly s is  o f  the  
pho sphinate e s te r s  (ChXY), (CLXVl) and ( CLXVIl) in  50/6 aqueous dioxan have been 
stu d ied , and the second-order ra te  constants are presented in  Table 3»25**
Table 3 .23 .
Second-Order Rate Constants fo r  the A lkaline H ydrolysis o f  H eteroarylrbnsphinate 
E sters R^Pi^OC^H^ in  Aqueous Dioxan ( 305o vAk 0 * 1 l-l in
R E ster HaOH Temperature ^obs
(K) (I-l) (°c ) ( l  mol  ^sec~* )
2-Euryl 0*01 0*01 30-5 2*76 x  1Q~2
0*01 0*01 40*0 4-89  x  10"2
2-Thienyl 0*01 0*01 30-3 1 *02 x  10""5
0*01 0-01 40*0 2*19 x  10~5
Phenyl 0*01 0-01 50-5 2-57  x  10*“4
0*01 0*01 40*0 5-98  x 10~4
The a c tiv a tio n  parameters fo r  the above rea c tio n s  have been c a lcu la te d  
and are given  in  Table 3*26..
A ctivation  Parameters fo r  the A lkaline H ydrolysis o f K eteroarylphosplunate 
E sters
R Ea AS lo g lQ PZ
(kJ mol"1) (J K"1mol“ 1)
2-Furyl 47*7 -118*2 6*6
2-T hienyl 62*0 -  98*1 7*7
Phenyl 70*5 - 8 1 * 7  8*5
The ra te  data in  Table 5*25* rev ea ls  sev era l fea tu res  o f  in t e r e s t .  Over 
the temperature range stud ied , the r a te s  o f a lk a lin e  h y d ro ly sis  o f the  
phosphinate e s ter s  are in  the order 2 -fu ry l^ >  2 -th ien y l^ >  phenyl, the r e la t iv e  
ra tes  being 90 5 4 • 1 • The ra te  in creases are accompanied by a decrease in  
a c tiv a tio n  energy fo r  the reaction  (Table 5*26.) which i s  p a r t ia l ly  compensated 
by decreases in  the entropy o f a c t iv a tio n  and log-jQ £Z, The ra te  d if fe r e n c e s  
fo r  the a lk a lin e  h yd ro lysis  o f  the phosphinate e s te r s  are th erefore  much larger  
than the ra.te d ifferen ces  obtained fo r  the corresponding phosphonate e s t e r s .
In ad d ition , comparison o f the r a te  data in  Tables J>,25. and r e v e a ls  tha/fc
the phosphinate e s ter s  are hydrolysed more rap id ly  than th e ir  phosphonate 
analogues. Thus e th y ld i- (2 - fu r y l)  pho sphinate (CLXV) undergoes a lk a lin e  
h yd rolysis  55 times fa s te r  than d ieth y l-(2 -fu ry l)p h osp h on ate  (LXXVIII; R = 
whereas the d i- (2 - th ie n y l)  and diphenylphosphinates (CLXVT) and ( CLXVIl) 
r esp e c tiv e ly  undergo a lk a lin e  h y d ro lysis  9*5 2*8 tim es more ra p id ly  than
th e ir  corresponding phosphonate analogues (LXXIX; R = C^H )^ and (IG; R = CgH^).
The r e s u lt s  o f th is  study would th erefore appear to support the su ggestion  
86 189by Kabachnik ’ th a t a disturbance in  -bonding i s  obtained when two a r y l  
groups are attached to phosphorus, p o ss ib ly  as a r e s u lt  o f s t e r ic  in te r a c t io n s .  
In add ition  to  the work by Kabachnik^ *  ^^ , Haake e t  a l ^  have confirmed the
importance o f s t e r ic  e f fe c t s  in  n u c leo p h ilic  displacem ent rea c tio n s  a t
phosphinyl phosphorus. Thus the ra tes  o f  a lk a lin e  h yd ro lysis  o f  m eth y ld ia lk y l-
phosphinates (R^PO^GH )^ in d ica te  a d is to r t io n  o f  the ra te  order pred icted  by
the Taft su b stitu en t constants (ex ) as a r e s u lt  o f s t e r ic  e f f e c t s ,  which are
r e f le c te d  in  th e s te r ic  rea ctio n  constant ) derived from the Taft equation  
68(equation 13) • Furthermore th e a lk a lin e  h yd rolysis o f m eth yld iisopropyl-
phosphinate (XXXVTII; X = OGH^ ) in d ic a te s  an induction  period to precede
second-order k in e t ic s ,  as a r e s u lt  o f ~0K- iso  propyl in ter a c tio n s  in  the
2 7tr a n s it io n  s ta te . S im ilarly  T rippett has a lso  reported a sharp decrease in
n u c leo p h ilic  r e a c t iv it y  on p assin g  from diisopropy lpho sphinyl compounds to
d i- t-b u ty  lpho sphinyl d e r iv a tiv e s , compared w ith the com paratively sm all e f f e c t
observed in  the phosphonate s e r ie s .  Thus on the b a s is  o f th ese  r e s u lt s  i t
would appear th a t a reduction in  conjugation i s  p o ss ib le  when two a r y l or
h eteroary l groups are attached to phosphorus.
30 67The fa i lu r e  by Haake e t  a l  and by Cooke ‘ to  observe th ese  e f f e c t s  i s  
p o ss ib ly  due to the reduction in  p^— dft conjugation between the phenyl group 
and phosphorus when compared w ith 2 -fu r y l and 2 -th ie n y l su b stitu e n ts . On the 
b a s is  o f  th is  argument i t  would seem th a t phosphorus compounds con ta in in g  
2 -fu ry l and 2 -th ie n y l groups provide a b e tter  model fo r  a sse ss in g  changes in  
conjugation between a su b stitu en t and phosphorus than th e ir  phenyl analogues.
EXPERIMENTAL
G .l .c .  analyses were carried out u sin g  a Pye s e r ie s  104 chromatograph
w ith a 5 Ft column o f Apiezon L on C e lite , and a flame io n isa t io n 'd e te c to r .
Infrared Spectra were recorded as liq u id  f ilm s  or as potassium bromide
d isc s  u sin g  a Grubb Parsons 1 Spectrom aster1 double beam spectrom eter. The
+ - -1c a lib ra tio n  of the instrum ent was accurate to -1 cm .
Spinning-band d i s t i l la t io n s  were carried  out using a N ester-Faust 
spinning-band column equipped w ith  an 18" s ta in le s s  s t e e l  band and a p a r t ia l  
take o f f  head.
R efractive In d ices were deteimined u sin g  a Bellingham and Stan ley  Ltd. 
Abbe' 60 refractom eter.
Preparation o f H eteroaryl- and PhenyInhosphonate E sters .
D iethyI-( 2 -t hienyl)phosohonate (LXXIX; R = C^H )^ -  2-Thi eny Imagne slum. bromide
(0*1 mol) ^prepared from 2-bromothiophen (16*3 g> 0*1 mol) and magnesium ( 2*43 &>'
0*1 mol) J in  ether (80 cm^) was added dropwise, with constant s t ir r in g  under
n itrogen , to  a gen tly  r e f  lu rin g  so lu tio n  o f diethyiphosphoroch loridate ( 17*3 g»
0*1 mol) in  ether (50 cm^). The r e su lt in g  so lu tio n  was heated under r e f lu x
fo r  2 h , cooled in  i c e ,  and hydrolysed by the add ition  o f  d ilu te  hydroch loric
ac id . The organic phase was separated and the aqueous phase extracted  w ith
ether. The combined organic la y ers  were dried (I'fe^SO )^ and the so lv en t
evaporated. The resid u e was d i s t i l l e d  to g iv e  the e s ter , (17*6 g , 80%),
b .p . 118° a t  1-5 mmlig ( l i t . , ^  b .p . 103-104° a t 0*1 rnmHg) (Pound: C, 43*5;
H, 6*1. C alc, fo r  CqH^O^PS: C, 43*6; H, 5*9%) ;T  (CDCl^) 2*2 -  2-6 (2H, m),
3*02 (lH ,m ), 5*7 -  6*27 ( 4H, m), and 8*53 ( 6H, t ) ;  S 51P (CHC1-) -  10*9 p .p .m ..
The e s te r  (LXXIX; R = C^H )^ was a lso  prepared by the ad d ition  o f  2 - th ie n y l-
lith iu m  ( 0*1 mol) to diethyiphosphoroch loridate ( 0*1 mol) in  e th er  so lu tio n ;
however, the y ie ld  in  th is  case was only  6 g ( 27%) a f te r  d i s t i l l a t i o n  through
a spinning-band column. Hence the above procedure i s  to be p referred .
Diphenyl- (2 - th i enyl )  pho sphonate (LXXIX; R = C^H_) -  2-Thienylmagnesium bromide
(0*1 mol) jprepared from 2-bromo thiophen (16*3 St C*1 mol) and magnesium
(2*43 Si 0*1 mol)J in  ether (80 cm^) was added dropwise, w ith  s t ir r in g  under
n itrogen , to  a re flu x in g  so lu tion  o f diphenylphosphoroch loridate (17*9 Si
0*07 mol) in  ether (50 cm^). The r e su lt in g  so lu tio n  was heated under r e f lu x
fo r  3 h , cooled in  ic e ,  and hydrolysed- by the add ition  o f d i lu te  hydroch loric
ac id . The organic layer  was separated, and the aqueous -phase wa,s ex tracted
w ith ether. The combined organic la y ers  were dried  (Ka^SO.) ,  and th e  so lv en t4
evaporated. The residue which s o l id i f ie d  on standing was r e c r y s ta l l is e d  from
n-hexane to g iv e  a w hite so lid  (15*83 Si 15*4%) t m.p. 75° (Found: C, 60*8;
H, 4 *3 . C H 0 PS req u ires C, 60*75; H, 4*1%); T  (CDC1 ) 2*15 -  2*45 (2H, rm),16 13 3 3
and 2*55 -  3*0 (11H, m); &^1P (CITCl )^ -  4*1 p .p .m ..
The e s te r  (LXXIX; R = ^5^5) was a^so prepared by the reverse  ad d ition  o f  
2-th ie n y l- l ith iu m  to dipheny lpho sphoroch loridate in  ether; however, the y ie ld  
in  th is  case was only Q% a fte r  r e c r y s ta l l is a t io n . Hence the above procedure 
i s  to  be preferred .
Li e th y l-2-(1 -m eth yloyrro ly l) pho sohonate (LXXXIV; R = CH^ ) -  a so lu tio n  o f
1-m ethylpyrrole ( 12*2 g , 0*15 mol) in  ether (100  cm^) was added dropwise, w ith  
s t ir r in g  under n itrogen  to n -b u ty l-lith iu m  ( 0*15 mol) in  l ig h t  petroleum  
(b .p . 40-60°) (80 cm'5) .  When the ad d ition  was complete, a so lu tio n  o f  te tr a -  
m ethylethylenediamine ( 17*4 gj 0*15 mol) in  ether (50 an'*) was added and the  
r e su lt in g  mixture was heated under r e f lu x  fo r  20 h. A fter the period o f  
r e f lu x , the lithium  reagent slurry  was transferred  under n itro g en  to a dropping 
funnel and added over a period o f  2 h , to  a so lu tio n  o f diethyiphosphoro­
ch lor id a te  (22*5 S9 0*13 mol) in  ether (100 cm'*). The rea c tio n  m ixture was 
maintained a t  ice -b a th  temperature during the ad d ition . A fter the a d d itio n  
was complete, the rea ctio n  mixture was heated under re flu x  fo r  1*5 h , before  
being cooled in  ic e  and hydrolysed by the add ition  o f  ammonium ch lor id e  
so lu tion  (10$>w/v ; 100 cm'*). The organic layer  was separated, and th e  aqueous 
pha.se extracted  with eth er . The combined organic layers were dried (lla^SO^) 
and the so lven t evaporated to g iv e  a brown o i l .  D is t i l la t io n  gave th e crude 
e s te r , ( 9*0 g , 32$ ,  b .p . 109- 120° a t  0*3 mmllg ( l i t . , 104 b .p . 122*5 -126° a t  
3*0 mmEg). Further p u r if ic a tio n  was e ffe c ted  by d i s t i l l a t io n  through a 
spinning-band co l’.im u n t i l  the product had ^ >99/° p u rity  by g . l . c .  a n a ly s is .  
(Found: C, 49-4; H, 7*35; N, 6*45. Calc, fo r  O' E^HO-P: C, 49*75; H, 7*35;
N, 6*4550»t(C D C l3) 5-2 (2H, m), 3*9 (1H, m), 5*7 -  6*2 (AH, m), 6-22 (3H, s ) ,  
and 8*7 (6H, t ) ;  S 31P (CHCl ) -  9 .4 5  p .p .m ..
D in hen yl-2-(1-me th y lp y rro ly l)pho sphonate (XCV) -  was prepared by th e  reverse  
add ition  o f  2 -(l-m eth y lp y rro ly l)-lith iu m  (0*1 mol) to  dipheny lpho sphoro­
ch lor id a te  (26*8 g , 0*1 mol) in  ether, according to the general procedure 
described above. The residue which slow ly s o l id i f ie d  on standing, was
re c r y s ta ll is e d  from n-hexane to g ive  a w hite so lid  (3*4 g> 11%)» m.p. 73°.
(Found: C, 66-1; H, 5*35. C^H^NO^P req u ires C, 65*2; H, 5*1%)^(C D C l^ )
2*6 -  3-2 (12H, m), 3*7 -  3*9 ( 1H, m), and 6*12 (3H, s );  S 51P (CHCl^)
-  2*5  p .p .ra . .
P ieth y l-(2 -fu ry l)p h osp h on ate  (LXXVlII; R = C ^ )  -  2-fury 1 -lith iu m  (0*2 mol) 
jprepared from furan ( 13*6 g , 0*2 mol) and n -h u ty l-lith iu m  ( 0  2 mol)j in  eth er  
(175 cm ) was added dropwise w ith constant s t ir r in g  under n itro g en , to  a 
so lu tio n  o f diethyiphosphorochloridate (34*5 g» 0*2 mol) in  eth er  (100 cm ) 
cooled to -4 0 ° . The r e su lt in g  mixture wa,s allowed to warm to room temperature, 
s tir re d  fo r  12 h, and then heated under r e f lu x  fo r  2 h. A fter the period o f  
r e f lu x , the r e su lt in g  so lu tio n  was cooled in  ic e  and hydrolysed by the ad d ition
Zo f ammonium ch lorid e  so lu tio n  (10%w/ v ; 100 cm ) .  The organic la y e r  was
separated, and the aqueous phase extracted  w ith e th er . The combined organic
la y ers  were dried (NagSO^) and concentrated to g iv e  a brown o i l  which was
d i s t i l l e d  to g iv e  the crude e s te r , b .p . 105-109° a t  0*2 mmHg. Further
p u r if ic a tio n  was e ffec ted  by preparative g . l . c .  (10 f t .  column o f  Apieson L on
C e lite , a t 190°> n itrogen  flow  rate  50 cm  ^ min"^) (Found: G, 46*9 > 6*75*
C8H1504P req u ires C, 47*05; H, 6-35%)sT(CDC15) 2*55 (1H, m), 3*05 (1H, m),
3*73 (1H, m) 5*75 -  6*22 (4H, m), and 8*72 (6H, t ) ;  S 51P (CHCl^) -  3*9 P .p .m ..
In subsequent preparations o f  (LXXVIl!; R = C0H )^ p u r if ic a tio n  was
e ffec ted  by d i s t i l la t io n  through a spinning-band column, u n t i l  th e product had
>99% P ^ i t y  ty  a n a ly s is .
2-Io do furan (XCVl) -  a mixture o f  2-chlorom ercurifuran (XGVIl) and 2 , 5 -d ich lo ro -
mercurifuran (XCVIIl) was prepared according to the general procedure described
118by Gilman and V/right . The mixture was separated by ex traction  w ith  b o il in g  
ethanol; hot f i l t r a t io n  l e f t  mainly 2 ,5-dichlorom ercurifuran as the resid u e  
w h ils t the cooled a lc o h o lic  f i l t r a t e  y ie ld ed  2-chlorom ercurifuran, which was 
r e c r y s ta l l is e d  sev era l tim es from ethanol to g ive  white c r y s ta ls  m.p. 151°
. 118 r -^  O  -v( l i t . ,  m.p. 151 ) .
The 2-ch lorom ercurifuran (89 g , 0*29 mol) was then suspended in  water
~z(900  .cm ) and s t ir r e d  v igorou sly  throughout the slow add ition  o f  io d in e  
(76*2 g , 0*6 mol) in  water (430 cm'*). The s l ig h t  excess o f iod in e  remaining 
a t the end o f the rea ctio n  was reduced w ith sodium thiosu lph a te  so lu tio n  
(10% w /v ). The mixture was then steam d i s t i l l e d  to y ie ld  2-iodofuran (36  g , 
64%). The product wan immediately d ilu ted  w ith ether, s in ce  i t  i s  r e la t iv e ly  
more sta b le  in  so lu tio n . A fter drying, the ether so lu tio n  was used fo r  the  
preparation o f the corresponding Grignard reagent.
D iphenyl-( 2-furyl)oho sphonate (LXXVIII; R = G^ H^ ) — 2-furylmagnesium iod id e  
(0*09 mol) ^prepared from 2-iodofuran ( 18 g , 0*09 mol) and magnesium (2*43 S 9 
0*1 mol)J in  ether (80 cm^), was added dropwise, w ith s t ir r in g  under n itro g en , 
to a g en tly  re f lu x in g  so lu tio n  o f  diphenylphosphoroch loridate (18*8 g , 0*07 mol) 
in  ether (100 cm^). The r e su lt in g  so lu tio n  was heated under r e f lu x  fo r  1 h , 
cooled in  ic e ,  and hydrolysed by the ad d ition  o f d ilu te  hydroch loric a c id .
The organic layer  was separated, and the aqueous phase extracted  w ith ether.
The combined organic layers were dried (NagSO^) and the so lven t evaporated.
The resid u e which s o l id if ie d  on standing was r e c r y s ta ll is e d  from n-hexane, to  
y ie ld  w hite c r y s ta ls  (5*8 g? 27*6%), m.p. 50° (Found: C, 64 *05 ; H, 4*45» 
C ^ IL j^ P  req u ires G, 64*0; H, 4*35%); (CDCly 2*25 -  2*4 (1H, m ), 2*5 -  3*0 ’
(11H, m), and 3*45 -  3*65 (1H, m); 8 51P (CECl^) + 3*0 p .p .m ..
The attempted preparation o f  d ie th y l-(2 -fu ry l)p h osp h on ate  (LXXVTII;
R = C^ H^ ) by the rea ction  o f 2-furylmagnesium io d id e  (0*09 mol) and d ie th y i­
phosphorochloridate ( 0»09 mol) in  eth er , according to the gen eral procedure 
described above, resu lted  in  a. complex product m ixture, from which pure e s te r  
(LXXVIII; R = ^2^5) was no^
Piethylohenyluhosphonate (IG; R = ^2^5  ^ ~ waS t a c t i o n  o f
pheny lpho sphonic d ich lo r id e  (48*7 St 0*25 mol) w ith absolute ethanol (34*5 St 
0*75 mol) in  dry benzene (200 cm^), in  the presence o f pyrid ine (39*5 St  0*5 n o l)
”1 "1 Q Qaccording' to the general procedure described by Kbsolapoff and liad b .p . 114 
a t 0*2 mmllg ( l i t . , ^ ^  b .p . 117-118° a t  1*5 mmHg) (55*5 S t  75%); *"£ (GDCl^)
1*95 -  2*7 (5H, m) 5*65 -  6*14 (4H, m), and 8*68 (6H, t ) ;  S 51P (CDCl^)
-16*75 p .p .m ..
Diphenylphenylpho sphonate (iC ; H = G^ II^ .) -  was s in iila r ly  prepared by the
•2add ition  o f pheny lpho sphonic d ich lor id e  ( 25*4 St 0*15 mol) in  benzene (75 cm )
to a re f lu x in g  so lu tio n  o f phenol (26*5 S t  0*28 mol) and pyridine (20*5 S t
0*26 mol) in  benzene (200 cm^), according to the general procedure described  
119by Kbsolapoff . The resid u e, which s o l id i f ie d  on standing, was r e c r y s ta l l is e d
-J »| Q
from n-hexane to  g iv e  c r y s ta ls  (24*7 S t  61 *4%)» m.p. 73*5 (li^*»
m.p. 73 -74°); ^(GDCl^) 2*05 -  5*38 (15H, m); S 51P (CHCl^) -10*38 p .p .m ..
The rea ctio n  between 2 - f  ury1-litliium  and dinhenyiphosphoroch loridate -  the 
attempted preparation o f d ip henyl-( 2 -fu ry l) pho sphonate (LXXVIII; R = G^H )^ by 
the reverse  add ition  o f  2 -fu ry l-lith iu m  (0*1 mol) ^prepared from phenyl-lithium . 
(0*1 mol) and furan (6*8 g, 0*1 mol)J in  eth er (100 crn )^ to  dipheny lpho sphoro­
ch lo r id a te  (26*9 S t  0*1 mol) in  ether so lu tio n  according to  the gen era l 
procedure described fo r  the preparation o f (LXXVIII; E = C^H )^ r e su lted  in  the  
form ation o f  a brown v iscou s o i l .
A sm all quantity (400 mg) o f  the product in  e th y l a c e ta te  was separated  
by t . l . c .  |e th y l.a c e ta te  -  n-hexane (10 : 50) as eluantJ to  g iv e  four  
components. The more in ten se  bands were extracted  w ith hot chloroform to  y ie ld  
the fo llo w in g  products. Band 2. The compound from Band 2 was r e c r y s ta l l is e d  
from n-hexane to g iv e  a w hite so lid  (125  mg, 3"*%)> m.p. 4 9 ° t which was 
subsequently id e n t if ie d  as triphenylphosphate ( l i t ,  , 114 m.p. 49° )1  (GDOlj)
2*87 (15H, s ) ;  (m/e 326 , H+) .  Band 5 . Evaporation o f  the so lv en t gave a 
yellow  o i l  (65  mg, 16%) which could not be induced to c r y s t a l l i s e .  Examination 
and comparison o f  the n .m .r. spectrum o f  th is  compound w ith th a t o f  au th en tic  
m ateria l, however, in d ica ted  the product to be t r i - ( 2- fu r y l)  pho sphine ox id e:
T? (CDC1 ) 2*1 -  2*2 (3H, m), 2*5 -  2*9 ( 3II, m), and 3*25 -  3*45 (3H, m) .5 •
The R reparation  of Benzyl- and Heteroarylm ethylphosphonate E s te rs .
Piethylhenzylnhosphonate (CXIIl) -  benzyl ch lor id e  (12*65 St '0*1 mol) in  ether 
2(50  cm ) was added dropwise, w ith constant s t ir r in g  under n itrogen , to a 
suspension o f sodium diethylphosphonate (0*15 mol) ^prepared from d ie th y l-  
phosphonate (20*7 St 0*15 mol) and m e ta llic  sodium (3*45 St 0*15 mol)J in  ether
2(100 cm ) .  The r e su lt in g  mixture was s tir red  fo r  12 h , and then heated under 
reflu x  fo r  a further 4 h. The rea ctio n  mixture was then coo led , and f i l t e r e d  
to remove the sodium ch loride which had p rec ip ita ted  during the rea c tio n . The 
ether was evaporated from the f i l t r a t e ,  and the residue d i s t i l l e d  to g iv e  the 
e ster , (15*1 St 66*2%), b .p . 124-126° a t 0*2 mmHg ( l i t . , ^ 4  ^ b .p . 155° a t  
14 mmHg) (Pound: C, 58*1; H, 7 -4 . Calc, fo r  C^H^CLP: C, 57*9; H, 7*45%); 
X(CDC13) 2*71 (5H, s ) ,  5*77 -  6*25 (4H, m), and 6-88 (-2H, d , 21 Hz),
ana 8-77 (6H, t ) ;  S 31P (CHCl,) -22 -75  p .p .m ..
P i e th y l-  ( 2~furylme th y l) pho sphonate (CX; R = C I^I )^ -  was s im ila r ly  prepared, by
143the dropwise add ition  o f  2 -fu r fu ry l bromide (0• 14 mol) in  ether to  a 
suspension o f sodium d ie  thy lpho sphonate (0*14 mol) ^prepared from d ie th y l-  
phosphonate (19*32 St 0*14 mol) and m e ta llic  sodium (3*22 g , 0*14 m ol)J in  
ether, according to the general procedure described above. Removal o f  the  
ether so lven t from the f i l t r a t e ,  fo llow ed by d i s t i l la t io n  o f  the resid u e  gave
*1 Athe e s te r  (15*5 g, 51%), b .p . 104-108° a t 0*7 mmHg ( l i t , ,  ‘ 117-120° a t
2 mmHg). The product was fu rther p u rified  by d i s t i l la t io n  through a spinning- 
band column. (Found: G, 49*45; H, 6*65* Gale, fo r  C^H^O^P: G, 49*55;
H, 6 *90%); *t(CDGl5) 2*64 (1H, m), 3*70 (2H, m), 5*7 -  6*2 ( 411, m), 6*78 (2H, 
d, 2JpcH 21 Hz), and 8*73 (611, t ) ;  S 51P (CKCl^) -19*75 p .p .m ..
D iethyl-(2-thenyl)phosphonate (CXI; R = 0 2 ^ )  -  was s im ila r ly  prepared, by the 
dropwise add ition  o f  2-th enyl ch loride^44 (11*5 St 0*087 mol) in  e th er  (100 cm^) 
to a suspension o f  sodium diethylphosphonate (0*087 mol) ^prepared from
d ie  thy lpho sphonate (12 g , 0*087 mol) and m e ta llic  sodium (2 g , 0*087 mol)J in  
eth er , according to the general procedure described above. Removal o f  the
ether so lven t from the f i l t r a t e ,  fo llow ed try d i s t i l l a t io n  o f  the resid u e gave 
the e ster  (9*8 St  48%), h .p . 138-140° a t 2*2 mmHg ( l i t . , 1^  "b.p. 112° a t  
0*1 mmHg). The product was fu rth er  p u rified  by d i s t i l l a t io n  through a spinning- 
band column. (Found: G, 46*3; 6*6. Calc, fo r  CoRj^0^PS: C, 48*15;
H, 6*4%); X  (CDCl^) 2*7 -  3*18 (3H, m), 5*68 -  6*18 (4H, m ) , 6*65 (2H, d, ^  
21 Hz), and 8*7 (6H, t ) ;  S 51P (CHCl^) -21 p .p .m ..
163H ieth v l-( 2-o?;ridy Ime t  hy 1) ohosnhonate (CXXVIIl) -  2-pyridy Imethy 1 ch lor id e  
^prepared by n e u tra lisa tio n  o f the hydroch loride (62 g, 0*38 mol)J in  benzene 
was added dropwise, w ith constant s t ir r in g  under n itrogen , to  a r e f  lu x in g  
so lu tion  o f  sodium d ie  thy lpho sphonate (O* 38 mol) ^prepared from d ie th y l-  
phosphonate (55*2 g , 0*4 mol) and m e ta llic  sodium (8*74 St  0*38 mol)J in
■7.benzene (1 50 cm ) .  The r e su lt in g  so lu tio n  was heated under r e f lu x  fo r  a 
further 1*5 h , cooled in  ic e  and f i l t e r e d .  The f i l t r a t e  was washed w ith  w ater' 
(3  x 20 cm^), dried (lla^SO^) and concentrated. The residu e was d i s t i l l e d  to  
g iv e  the e s te r  (22*5 St  26%), b .p . 119° a t 0*2 mmHg ( l i t . , 16  ^ b .p . 112° a t  
0*2 mrnHg). Further p u r if ic a tio n  o f the product was e ffec ted  by d i s t i l l a t i o n  
through a spinning-band column. (Found: C, 52*4? H, 7*0; H, 6*1. C alc, fo r  
C^HjgNO P: C, 52*0; H, 6*95; H, 6*4%); X  (CDCl^) 1-33 -  1 *58 (1H, m), 2-17 -
rpCH3*03 (3H, m), 5*74 -  6-23 (4H, m), 6-65 (211, a , 2J „ „  22-5 E z), and 8*8 (6H, t ) ;
S 31P (CHC1-) -21*75 p .p .m ..
. D ie th y l-( 5-u~,m?idylmethyl)ohosphona.te (CXXIX) -  was s im ila r ly  prepared by the  
dropwise add ition  o f  3-py^idylmethyl ch lorid e J prepared by n e u tr a lisa t io n  
o f the hydro chloride (30*5 St  0*19 mol)J in  benzene, to a re f lu x in g  so lu tio n  
o f  sodium d ie  thy lpho sphonate (0*37 mol) [prepared from d ie  thy lpho sphonate 
(51 St  8*37 mol) and m e ta llic  sodium (8*5 St  0*37 mol)^| in  benzene (1 50 cm^), 
according to  the general procedure described above. Concentration o f  th e  
f i l t r a t e ,  fo llow ed by d i s t i l la t io n  o f  the res id u e , gave the e s te r  (6*3 St  ^5%)> 
b .p . 100° a t 0*02 mmHg ( l i t . , 161 97-101° a t 0*02 mmHg); X  (CDCl^) 1*3 -  1*55 
(2H, m), 2*1 -  2*4 (1H, m), 2*53 -  2*84 (1E, m), 5*68 -  6*17 (4H, m),
6*83 (2H, d, 21 Hz), and 8*75 ( 8H, t ) ;  S 51P (CHCl^) -21*75 p .p .m .;
(m/e 229 , M+) .
n ieth y l-(4 -p yrid y ln eth y l)p h osp h on ate . (CXXX) -  was s im ila r ly  prepared by the
16 7> rdropwise add ition  o f 4~pyrLd.ylmethyl ch lorid e prepared by n e u tr a lisa t io n  
o f the hydroch loride ( 38*2 g, 0*22 mol)J in  benzene (200  cm^), to a re f lu x in g  
so lu tio n  o f  sodium d ieth y  lpho sphonate (0*22 mol) [^prepared from d ie th y l-  
phosphonate ( 33*12 g , 0*24 mol) and m e ta llic  sodium ( 5*06 g , 0*22 mol)J in  
benzene, according to the general procedure described above. Concentration o f  
the f i l t r a t e ,  fo llow ed by d i s t i l la t io n  o f the resid u e, gave the e s t e r  ( 5*5 St 
11%), b .p . 127° a t  0*3 mmHg ( l i t . , 160 b .p . 89° a t  0*05 mmHg); X  (CDCl^) 1*3 -  
1*5 (2H, m), 2*62 -  2*83 (2H, m), 5*72 -  6*2 (4H, m), 6*86 (2H, d , 2JpGH 
22*5 Hz), and 8*75 ( 8H, t ) ;  &51P (CHCl^) -21*0 p .p .m .; n^25 1*4982 ( l i t . , 160 
i^ 25 1*4955); (m/e 229 , M+) .
Hi ethylchlorome thy lpho sphonat e (CXXXl) -  was prepared by the rea c tio n  o f  
chloromethylphosphonic d ich lorid e  (42  g, 0*25 mol) w ith absolu te eth an ol 
(34*5 e , 0-75 mol) in  dry benzene (200  cm ) ,  in  the presence o f  p yr id in e
119(39*5 Si 0 *5 mol) according to  the general procedure described by Kbsolapoff 
and had b .p . 86-87° a t 1 mmHg ( l i t . , 11  ^ b .p . 60° a t  0*07 mmHg) (33*9 g? 72*7 %)• 
The product was fu rth er  p u rified  by d i s t i l l a t io n  through a spinning-band  
column. (Found: C, 32*4; H, 6 *6 . Calc, fo r  C^E^CIO^P: C, 32*15; H, 6*45/0; 
-C (c d c i,)  5*54 -  6 .03  (4H, m), 6-39 (2H, a, 2Jpc,H 12*5 Hz), and 8*64 (6H, t ) ;  
S 31P (CHCl ) +16-75 p .p .m ..
Biethylmethylphosphonate (CXXXIl) -  tr ie th y lp h o sp h ite  (110*0 g , 0*66 mol) and 
methyl io d id e  (100*0 g , 0*71 mol) were heated under r e f lu x  fo r  2 h under 
anhydrous con d ition s. Iodoethane (96  g , 0*62 mol) was then d i s t i l l e d  from the  
reaction  m ixture, and the residue d i s t i l l e d  to  g iv e  the e s te r  (95*0 g , 95%) t 
b .p . 59-80° a t 1*0 mmHg ( l i t . , 16  ^ b .p . 64- 85°  a t 2*0 mmHg) (Found: C, 39*45;
H, 8*6. Calc, fo r  0 ^  0 ?i C, 39*45; H, 8*55%); X  (CHCl^) 5*65 -  6*15 (4H, m), 
and 8*39 -  8*79 (9H, m); &51P (CHC1,) -26*0 p .p .m ..
The Attempted Preparation o f Hi ethy 1 -2 -(1 -me thylpyrrol-2-yl)m ethv lpho sphonate 
(CXXI) -  a s tir red  suspension o f  tr im eth y l-(1 -me thylpyrro 1 -2-y l)methylammonium 
io d id e * ^  (22*1 g , 0*08 mol) in  tr ie th y lp h o sp liite  (68 g, 0*41 mol) was heated, 
under n itrogen , in  an o i l  hath. At a hath temperature o f  170° a c lean  white  
p r e c ip ita te  was formed in  the rea ction  m ixture and the mixture was heated under 
r e flu x  a t  th is  temperature fo r  a fu rth er  1 h. At no tim e, however, d id  the  
mixture become com pletely homogeneous. A fter coo lin g , the s o lid  was removed 
by f i l t r a t io n .  The f i l t r a t e  was d i s t i l l e d  a t  reduced pressure to g iv e  
tr ie th y lp h osp h ite  (55  St 80% recovery), to g eth er  w ith a second higher b o ilin g  
fr a c tio n , b .p . 116° a t  0*2 mmHg (0»4 g ) . The n .m .r. o f  th e  product in d ica ted  
a m ixture, p o ss ib ly  the impure phosphonate e s te r  (CXXl).
Preparation o f Substitu ted  Phenylphosphonate E sters .
D ieth yl-(m -to ly l)p h o  sphonate (CXLYIIl) -  a so lu tio n  o f  m -iodotoluene (17*5 St
Z0*08 mol) in  .tr ieth y lp hosp h ite  (66*4 St 0*4 mol) contained in  a 200 cm s i l i c a  
reaction  v e s s e l ,  was degassed by flu sh in g  w ith  dry n itrogen  and ir r a d ia te d  a t  
room temperature w ith  a medium-pressure quartz mercury d ischarge lamp fo r  24 h . 
Excess tr ie th y lp h o sp h ite  was then removed under vacuum and the resid u e  d i s t i l l e d  
to  g ive  the e ster  (8 g , 43*9%) • Further p u r if ic a tio n  o f  the compound was 
e ffec ted  by d i s t i l la t io n  through a spinning-band column u n t i l  the product had 
> 9 3% p u rity  by g . l . c .  a n a ly s is , b .p . 108° a t  0*4 mmHg ( l i t . , ^  104-105° a t  
0*4 mmHg); X  (CDCl^) 2*1 -  2*67 (4H, m), 5*6 -  6*1 (4 H, m), 7*57 (3H, s ) ,  and 
8*66 (6H, t ) ;  S 51P (CHCl^) -17*0 p.p .m .; (m/e 228, M+) .
Hiethy 1 - (m-f ormylpheny 1 )pho sphonat e (CL) -  was prepared s im ila r ly  by th e  
ir ra d ia tio n  o f a so lu tio n  o f m-iodobenzaldehyde (18*6 g , 0*08 mol) in  t r ie th y l­
phosphite (66*4 St 0*4 mol) fo r  45 D is t i l la t io n  o f  the resid u e gave the  
e ster  (9*9 St 51%)» b .p . 128-136° a t  0*25 mmHg, Further p u r if ic a t io n  o f  the  
compound was e ffe c ted  by d i s t i l la t io n  through a spinning-band column. G .l .c .  
a n a ly s is , and examination o f the peak in t e n s i t ie s  in  the n .m .r . spectrum, 
however, in d icated  the product to  be approximately 90% pure. Further
d i s t i l la t io n  did not improve the p u rity , and the compound (CL) was not used in  
the study o f  the k in e t ic s  o f  a lk a lin e  h y d ro ly sis . 'X (CDCl^) -  4*2 ( s ,  CHO), 
1*4 -  2*75 (m, irH ), 5*55 -  6*05 (m, O-CHg), and 8*65 ( t ,  O-CHgCH )^;
S 51P (CIICI^) -14*2 p .p .m ..
Pi ethyl-(p-m ethoxyphenvl)pho sphonate (OIL) -  was prepared according to the
0*7general procedure described by Tavs . T riethylphosphite (66*4 g,  0*4 mol) 
was added dropwise w ith constant s t ir r in g , under n itrogen , to  a suspension o f  
anhydrous n ic k e l ch lo r id e  ( 2*2 g ) in  p-bromoanisole' (62 * 5  g , 0*55 mol) 
maintained a t 160° u s in g  an o i l  bath. W hilst the tr ie th y lp h o sp h ite  was being  
added, e th y l bromide began to d i s t i l  from the reaction  m ixture, and th e ra te  
o f  add ition  was co n tro lled  in  order th a t the e th y l bromide d i s t i l l e d  a t  a 
steady ra te ; during th e rea c tio n , 22 g  o f  e th y l bromide was c o lle c te d  in  a 
cooled r ec e iv er . When the add ition  was com plete, the r ea c tio n  m ixture was
heated fo r  a fu rther 1 h. On co o lin g , the deep green se m i-c r y s ta llin e  mass
was treated  w ith water (100  cm^) and the r e s u lt in g  emulsion extracted  w ith
• zether (3  x 50 cm ) .  The combined ether e x tra c ts  were dried (ife^SO^) and the  
so lven t evaporated. The residue was d i s t i l l e d  to  g ive  the e s te r  (47 g> 58*4/3* 
b .p . 129-1 50° a t 0*55 mmHg ( l i t , , ^  b .p . 115-114° a t  0*1 mmHg). Further  
p u r if ic a tio n  o f  the compound was e ffe c ted  by d i s t i l l a t io n  through a sp inn ing- 
band column, u n t i l  the product had]>55% p u rity  by g . l . c .  a n a ly s is ; 'X (CDCl^)
2*0 -  2*45 (2H, m), 2*85 -  5*15 (2H, m), 5*67 -  6 *2 (4H» n)> 6*17 ( jh ,  s ) ,  and
8-7  ( 6H, t ) ;  S 51p (CHC1 , )  -17*3 p .p .m .; (m/e 244 , M+) .
D ie th y l- (p-bromophenyl) pho sphonate (CLIl) -  p-bromophenylmagnesium bromide 
( 0*1 mol) ^prepared from p-dibromobenzene ( 25*6 g , 0*1 mol) and magnesium 
( 2*45 gt 0*1 mol)] in  eth er  (75  cm^) was added dropw ise,w ith constant s t ir r in g  
under n itro g en , to a so lu tio n  o f  diethyiphosphoroch loridate ( 17*5 g> 0*1 mol) 
in  ether (100 cm^) maintained a t  ice-b a th  temperature. The r e s u lt in g  so lu tio n  
was heated under r e f lu x  fo r  2 h , cooled and hydrolysed by the ad d ition  o f  
d ilu te  hydroch loric a c id . The organic la y er  was separated and the aqueous
phase extracted  w ith ether. The combined organic la y ers  were dried  (HagSO^), 
and the so lven t evaporated. The residue was d i s t i l l e d  to  g iv e  the e s te r  
(8*3 g , 24/o), b .p . 117-120° a t  0*4 mmHg ( l i t . , ^ ^  b .p . 126-128° a t  0*5 mmHg). 
The compound was p u r if ie d  fu rth er  by spinning-band fr a c tio n a tio n , u n t i l  the 
product had>99/o p u rity  by g . l . c . ;  X  (CLCl^) 2*0 -  2*5 (4H, m), 5*65 -  6*15 
(4H, m), and 8*7 (6H, t ) ;  S ^ P  (CHCl^) -15*5 p .p .m ..
D iethyl-(m -ch lorophenyl)pho sphonate (CLl) -  was s im ila r ly  prepared by the  
reverse add ition  o f  m-chlorophenylmagnesium bromide (0• 1 5 mol) ^prepared from 
m-bromochlorobenzene (28*73 St 0*15 mol) and magnesium (3*65 0*15 mol)j in
ether (100 cm ) ,  to  d iethyiphosphoroch loridate (25*9 St 0*15 mol) in  ether
■z(100 cm ) .  The resid u e was d i s t i l l e d  to g iv e  the e s te r  (16*8 g , 45%)t 
b.p . 108-110° a t  0*3 mmHg ( l i t . , ^  b .p . 100-101° a t 0*3 mmHg). Further 
p u r if ic a tio n  was e ffe c te d  by spinning-band fr a c tio n a tio n  u n t i l  the product had 
>99/o p u rity  by g . l . c .  a n a ly sis; X  (CDCl^) 1 *9 -  2*7 (4H, m), 5*55 -  6*05 
(4H, m), and 8-65 (6H, t ) ;  S 51P (CHGl^) -14*1 p .p .m ..
The Attempted Preparation o f  Hiethyl-(p~methoxyphenyl)pho sphonate (CIL) -  by 
the ir ra d ia tio n  a t room temperature fo r  21 h , o f p -iod oan iso le  (18*72 g ,
0*08 mol) and tr ie th y lp h o sp h ite  (66*4 St 0*4 m ol), u sin g  a medium-pressure 
quartz mercury d ischarge lamp, resu lted  in  the formation o f  crude e s te r  (5 St 
25*6/o)> b .p . 130-156° a t  0*4 mmHg. G .l .c .  a n a ly s is , and examination o f  the 
in tegrated  peak in t e n s i t ie s  in  the n .m .r. spectrum in d ica ted  the product to be 
6 6% pure. Spinning-band d i s t i l la t io n  increased  the p u rity  pf the e s te r  to  a  
maximum o f 77%* This product was not used in  the study o f  the k in e t ic s  o f  
a lk a lin e  h y d ro lysis .
The Attempted Preparation o f  hiethyl-(p-am inophenyl)pho sphonate -  by th e  
ir ra d ia tio n  o f p -io d o a n ilin e  (17*5 St 0*08 mol) and tr ie th y lp h o sp h ite  (66*4 St 
0*4 mol) under the same co n d ition s, resu lted  in  n e g lig ib le  rea c tio n  and the 
recovery o f  io d o a n ilin e  ( 15*8 g , $0% reco v ery ), m.p. 66° (ex  n -h exane).
The Attempted Preparation o f  D iethyl-(m -ch lorophenvl )phosphonate (CLl) -  by the  
ir ra d ia tio n  o f m-bromochlorobenzene (15*3 Si 0*08 mol) and tr ie th y lp h o sp h ite  
(66*4 Si 0*4 mol) under the same co n d ition s, s im ila r ly  resu lted  in  n e g lig ib le  
reaction  and the recovery o f  m-bromochlorobenzene (6*2 g , 40% r eco v ery ), 
b .p . I 960 .
H ydrolysis o f Diethylphosphonate E sters .
The fo llo w in g  general procedure wa3 used: the phosphonate e s ter  was heated  
under r e f lu x  in  aqueous sodium hydroxide so lu tio n  (10% w /v) u n t i l  a homogeneous 
rea ction  mixture was formed. The so lu tio n  was then cooled and a c id if ie d  w ith  
concentrated hydroch loric a c id , whereupon an o i l  separated from the m ixture.
The o i l  was extracted  w ith chloroform, and the combined ex tra cts  dried  (Na2S0^). 
Evaporation o f the so lven t gave the monoester, which was r e c r y s ta l l is e d . In 
cases where the monoester could not be induced to c r y s t a l l i s e ,  the product was 
iso la te d  as the dicyclohexylam ine s a l t .
H ydrolysis o f  Diphenylphosphonate E sters .
The phosphonate e s te r  was heated under r e f lu x  in  aqueous sodium hydroxide 
so lu tio n  (10% w/v) u n t i l  a homogeneous rea c tio n  mixture was formed. The 
so lu tio n  was then cooled and a c id if ie d  w ith  concentrated hydrochloric ac id .
The mono e s te r , togeth er w ith phenol formed during the h yd ro lysis  r ea c tio n  were 
then extracted  w ith chloroform. The chloroform so lu tio n  was then extracted  
severa l tim es w ith aqueous sodium bicarbonate (10% w /v ). A c id if ic a tio n  o f  the  
aqueous so lu tion  y ie ld ed  the monoester which was f i l t e r e d  and r e c r y s ta l l i s e d .  
Preparation o f Hicyclohexylamine S a lt s .
To the monoester d isso lv ed  in  4-5  volumes o f  benzene was added dicyclohexylam ine  
(0-20% excess) in  4-5  molumes o f  benzene. On standing, the s a l t  c r y s ta l l i s e d  
from the so lu tio n  and was c o lle c te d . I f  the s a lt  d id  n ot c r y s t a l l i s e ,  the 
benzene was evaporated and the so lid  resid u e r e c r y s ta l l is e d . The y ie ld s  in  
most cases were q u a n tita tiv e .
.Analytical Data fo r  Iionophosphonate E ster s .
Ethylhydrogen-( 2-thienyl)phosphonate -  - iso la ted  as the dicyclohexylam ine s a l t ,  
m.p. 159° (ex n-hexane). Pound: C, 58*2; H, 8*7; 2 , 3*85« 8 ^ 3 2 ^ 3 ^
req u ires C, 57*95 2 , 8*6; 2 , 3*75/o»
Ethylhydro £?en-2 -( 1 -m ethylpyrrolyl)phosphonate -  iso la te d  as the d icyc loh exy l­
amine s a l t ,  m.p. 150° (ex  n-hexane). Pound: G, 61*8; H, 9*5; 2 , 7*4* 
req u ires G, 61*6; H, 9*45; 2 , 7*55%.
Ethylhydrogen-C 2- f  u r y 1) pho sphonat e -  is o la te d  as the dicyclohexylam ine s a l t ,  
m.p. 132° (ex  n-hexane). Pound: C, 60*65; 2 , 8*9; 2 , 3*8* ^18^32^ 4^
req uires G, 60*5; H, 8*95; 2 , 3*9%*
Ethylhydro^ennhenylphosphonate -  iso la te d  as the dicyclohexylam ine s a l t ,  
m.p. 141° (ex  n-hexane) ( l i t .  m.p. 14 0 • 7—14  ^*8°). Pound: G, 65*25; H, 9*4 
2 , 3*65. Gale, fo r  C^H^HOyP: C, 65*4; 2 , 9*25; 2 , 3*8%.
Ethylhydro geribenzy lphosphonate -  m.p. 64° (ex  n-hexane) ( l i t . , ^ ^  63- 64° ) •  
Pound: G, 53*8; H, 6*3. C alc, fo r  C^H^OyP: G, 54*0; H, 6*5%.
Ebhylhydrogen~(2-furylmethyl)phosphonate -  iso la te d  as the dicyclohexylam ine  
s a l t ,  m.p. 133° (ex  n-hexane). Pound: C, 61*7; 2 , 9*4; 2 , 3*9« ^9^34^ 4^
req u ires C, 61*45; 2 , 9*^5; 2 , 3*8%.
Ethylhydro gen-( 2-thenyl)phosphonate -  is o la te d  as the dicyclohexylam ine s a l t ,  
m.p. 132° (ex  n-hexane). Pound: C, 59*2; H, 8*85; 2 , 3*55. C^H^KO^PS 
req uires G, 58*9; 2 , 8*8; 2 , 3*6%.
Ethylhydro genchlo r  om e thy lpho sphonat e -  is o la te d  as the dicyclohexylam ine s a l t ,  
m.p. 156° (ex  n-hexane). Pound: C, 53*2; 2 , 9*2; 2 , 4*1* C^H^2C10^P
req u ires G, 53*1; H, 9*15; 2 , 4*1%.
Ethylhydrogenmethylphosphonate -  iso la te d  as the dicyclohexylam ine s a l t ,  
m.p. 137° (ex  n-hexane). Pound: G, 59*2; 2 , 10*55; 2 , 4 *5 . C.j y i^ IO y?  
req u ires C, 59*0; 2 , 10*5 ; 2 , 4*6%.
Ethylhydrogen-(m -1o ly l) pho sphonate -  is o la te d  as the dicyclohexylam ine s a l t ,  
m.p. 130° (ex  n-hexane). Found: G, 66*25; 2 , 9*3; 2 , 3*65*
requires C, 66*15; H, 9*45; N, 3*70/o.
Ethylhydro gen-(p-methoxyphenvl) pho sphonate -  iso la te d  as the dicyclohexylam ine  
s a l t ,  m.p. 126-128° (ex  n-hexane). Pound: C, 63*35; H, 9*05; N, 3*4»
C^H^NO^P requires C, 63*5; H, 9*05; N, 3*55&
Ethylhydro gen-( p-bromophenyl)pho sphonate -  is o la te d  as the dicyclohexylam ine  
s a l t ,  m.p. 164° (ex n-hexane). Pound: C, 54*15; H, 7*65; 2 , 3*15* ^'20^33^ir^ 3^>
req uires G, 53*8 ; H, 7*4; 2 , 3*15/o*
Ethylhydro gen- (m-chlo rophenyl) pho sphonat e -  is o la te d  as the dicyclohexylam ine  
s a l t ,  m.p. 145° (ex n-hexane). Pound: C, 59*6; 2 , 8*3; N, 3*4« ^ 20^ 33^ ^ 3^
requires G, 59*8; 2 , 8*2; H, 3*5%*
Pheny lhydro gen- ( 2 -th i eny 1) oho sphonate -  iso la te d  as the dicyclohexylam ine s a l t ,  
m.p. 151-1520 (ex  n-hexane)i Pound: G, 63*0; H, 7*5; 2 , 3*3« ^22^32^3^*
requires G, 62*7; H, 7*6; 2 , 3*3^*
Pheny lhydrogen-2-( 1 -m ethylpyrrolyl)phosphonate -  m.p. 93° ( ex n-hexane).
Pound: C, 55*95; H, 5*1; 2 , 5*9. C^H^M^P req uires G, 55*7; H, 5*1; N, 5*9%. 
Pheny lhydro gen- ( 2 -fu ry l) pho sphonat e -  the lack  o f  s u f f ic ie n t  phosphonate e s te r  
(LXXVIII; R = CgH^)prevented the is o la t io n  o f  an a lk a lin e  h y d ro ly sis  product 
fo r  th is  compound.
Phenylhydrogenpheny lpho sphonate -  m.p. 78-79° (ex  n-hexane). Pound: C, 61*75;
2 , 4*75* G12H11°3? r e -^u ir e s  G> 61 *55; h, 4*7/°«
The K in etics o f A lkaline h y d ro ly sis .
The hydrolyses were carried  out in  aqueous $0% (v /v )  dioxan, 0*1M in  KC1, a t  
equal i n i t i a l  concentrations of phosphonate e s te r  and sodium hydroxide, and 
were follow ed by a conventional h a c k -titr a tio n  procedure, in  which the decrease  
in  sodium hydroxide was determined. The so lu tio n s  were in  a therm ostatted hath
rt . ncon tro lled  to -  0*1 G. The data were evaluated hy the method o f  i n t e l a t i o n  
u sin g  the le a s t  squares programme on a I.M.E. 120 e lec tr o n ic  desk c a lc u la to r ,  
and in  a l l  cases a p lo t  o f  /^  [0BT“] versus time was lin e a r , confirm ing a 
second-order ra te  law.
The Hammett r e a c t io n  c o n s ta n ts  and l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  w ere 
s im i la r ly  c a lc u la te d  u s in g  th e  l e a s t  sq u a re s  programme on a  I.M .E . 120 
e l e c t r o n i c  desk  c a l c u l a to r .
P r e p a ra t io n  o f  P hosph ine  O x id es .
T r i~ (2 - fu ry l)p h o s u h in e  ~ phosphorus t r i c h l o r i d e  (13*8 €1  0*1 m ol) i n  benzene
-z(75  cm ) was added d ropw ise w ith  s t i r r i n g  u n d e r n i t r o g e n ,  to  a  s o lu t io n  o f  
2-fiu ry  1 - l i th iu m  (0*5 mol) ^ p re p a re d  from  n - b u ty l - l i th iu m  (0*5 m ol) and fu r a n  
(38 g , > 0  •5 m o l) J in  e th e r  (200 cm''5) . The r e s u l t i n g  s o lu t io n  was h e a te d  u n d e r  
r e f l u x  f o r  1 h , b e fo re  b e in g  co o led  in  i c e  and h y d ro ly se d  by th e  a d d i t io n  o f  
ammonium c h lo r id e  s o lu t io n  (10% w /v; 1 50 cm ^). The o rg a n ic  l a y e r  was s e p a ra te d ,  
d r ie d  (lla^SO^) and e v a p o ra te d ; th e  r e s id u e  s o l i d i f i e d  to  g iv e  y e llo w  c r y s t a l s  
o f  c ru d e  t r i - ( 2 - f u r y l ) p h o s p h in e  (18 g , 79%) • The p h o sp h in e , i n  a c e to n e  
(100 cmJ ) w ith  hydrogen p e ro x id e  (100 v o l ;  25 crn^) gave tr i~ 2 ~ fu ry lp h o  sp h in e  
ox.ide ( LXXVl), (12 g , 62%), m .p . 114° (ex  n -h e x a n e -e th a n o l)  ( l i t . , ^  m .p.
113.5-1140) ;  ^  (0D01 ) 2*18 -  2*3 (311, m), 2*68 -  2*9 ( 3K, m), and 3*33 -  3*5 
(3H, m).
The phosph ine o x id e  (LXXVl) was a lso  p re p a re d  a c c o rd in g  to  th e  g e n e ra l
89 /p ro ced u re  d e s c r ib e d  by G r i f f in  e t  a l  y . Thus p h o sp h o ry l c h lo r id e  (23 g ,
0*15 m ol) i n  e th e r  (100 crn^) was added d ropw ise  w ith  s t i r r i n g  u n d e r n i t r o g e n ,
to  a  s o lu t io n  o f  2 - f u r y l - l i th iu m  (0*6 mol) in  e th e r  (200 cm ^), co o led  to  -2 0 ° .
A f te r  th e  a d d i t io n  was com plete  th e  m ix tu re  was a llow ed  to  warm to  room
te m p e ra tu re  and th en  h e a te d  u n d e r r e f lu x  f o r  3 The r e a c t io n  m ix tu re  was
th en  co o led  in  i c e  and h y d ro ly sed  by th e  a d d i t io n  o f  sodium c a rb o n a te  s o lu t io n
(10% w /v ; 150 cm ^). The o rg a n ic  la y e r  was th e n  s e p a ra te d , and th e  aqueous
pha.se e x t r a c te d  w ith  f u r t h e r  p o r t io n s  o f  e t h e r .  The com bined o rg a n ic  l a y e r s
w ere th e n  washed w ith  w a te r , d r ie d  (NagSO^) and th e  s o lv e n t e v a p o ra te d  to  g iv e
th e  phosph ine  o x id e  (LXXVl) (7*26 g , 20%).
T r l - 2 - ( th ie n y l)p h o s p h in e  -  was s im i la r ly  p re p a re d  by th e  g e n e ra l  p ro c e d u re  
d e sc r ib e d  above. Thus phosphorus t r i c h l o r i d e  (13*8 g , 0*1 mol) in  benzene
Z(75 cm ) was added dropwise w ith constant s t ir r in g  under n itrogen , to a so lu tio n
o f 2 -th ien y  1-lithiu m  (0*5 mol) ^prepared from n -b u ty l-lith iu m  (0*5 mol) and
thiophen (46  g ,)> 0*5 mol)J in  ether (200 cm^). Evaporation o f the so lven t in
the f in a l  stages o f  the procedure y ie ld ed  crude tri-(2-thien?vl)pho sphine
( 15*6 g , 56/6)• The phosphine, in  acetone (100 cm^) w ith hydrogen peroxide
(100 v o l;  20 cm^) gave tr i-(2 -th ien y l)p h o sp h in e  oxide (LXXVIl), (13*0 g> 79/o)i
m.p. 130°  (ex  n-hexane-ethanol) ( l i t . , ^  m.p. 129-1 3 0 ° )> ^  (CDCl^) 2*0 -  2*55
(6H, m), and 2*6 -  2»9 (3H, m).
The phosphine oxide (LXXVIl) was a lso  prepared according to  the gen eral
flQprocedure described by G r iffin  e t  a l  . Phosphoryl ch loride (23 g , 0*15 mol)
Zin  ether (100 cm ) was added dropwise w ith s t ir r in g  under n itro g en , to  a 
so lu tio n  o f  2 - th i eny 1 -lith ium  (0*6 mol) in  ether (200 cm^), cooled  to -2 0 ° .  
Evaporation o f the so lven t in  the f in a l  stages o f the procedure y ie ld ed  the 
phosphine oxide (LXXVIl), (6«7 g , 15%).
T ri-2 ~ (l^ e th y lp y rro lv l)p h o  sphine -  was prepared as described in  Chapter 1 o f  
t h is  th e s is .  The phosphine (5  g , 0*0185 mol) in  acetone (50  cm^) w ith hydrogen
7peroxide (100  v o l;  100 cm ) gave t r i - 2- (l-m ethylpyrrolyl)pho sphine oxide
(LXXV; R =  CH^), (3*9 Si  74%) t m.p. 138° (ex n-hexane) ( l i t . , ^  m.p. 1 3^—1 37• 5°)5
n;(CDCl5) 2-95 -  5*15 (3H, m), 3*73 -  4-05 (6H, m), and 6-14 (9H, s ) .
h i - (  2-fury 1 )phenylphosphine Oxide (CLVIIl) -  phenylphosphonic d ich lo r id e
(19*5 Si 0  •1 mol) in  eth er  (100  cm^) was added dropwise, w ith constant s t ir r in g
under n itrogen to  a c h i l le d  so lu tio n  o f  2-fu ry  1- lithium  (0*4 mol) in  eth er
z(200 cm ) .  The r e su lt in g  so lu tion  was heated under reflu x  fo r  3 coo led , and
zhydrolysed by the add ition  o f  sodium carbonate so lu tio n  (10%w/v ; 200 cm ) .
The organic la y er  was separated, and the aqueous phase extracted  w ith e th er .
The combined organic la y ers  were d ried  (hagSO^), and the so lv en t evaporated to  
g iv e  a yellow  o i l ,  which s o l id if ie d  on standing. The so lid  was r e c r y s ta l l is e d  
to  g ive  the phosphine oxide (CLYIIl), (4  g , 16%), m»P* 126° (ex  benzene-n- 
hexane) (Pound: C, 65*0; H, 4*5* C^EL^O^? req u ires C, 65*1; H, 4*25%);
^(CDCl^) 1*8 -  2*75 (7H, m), 2*83 -  5*0 (2H, m), and 3*34 -  3*6 (2H, m). 
Phenyldi-( 2-thienyl)phosphine Oxide (CLIX) -  was s im ila r ly  prepaxed by the  
add ition  o f  phenylphosphonic d ich lo r id e  (39 St 0*2 mol) in  eth er (100 cm^) to
za c h i l le d  so lu tio n  o f 2 -th i eny 1 -lith iu m  (0*6 mol) in  ether (250  cm ) .  
Evaporation o f  the so lven t in  the f in a l  stages o f  the procedure y ie ld ed  a 
yellow  c r y s ta ll in e  resid u e . The compound was r e c r y s ta l l is e d  to g iv e  the  
phosphine oxide (CLIX), (4  g , 7%)> m.p. 131° (ex  benzene-n-hexane) (Found:
C, 58*2; H, 3-95. G, ^ L P S g  req u ires G, 57*95; H, 3*8%); T (CDClj) 1-85 -  
2*92 (11B, m).
The preparation o f  H JI-D iethyld i-2-(l-m ethylpyrrolyl)phosphinam idate (CLXIV) -
zN,IT-diethylamidodichloro phosphate (26*0 g , 0*14 mol) in  ether (100 cm ) was 
added during a period o f  1 h, to a g en tly  r e flu x in g  so lu tio n  o f 2 -( l-m e th y l-  - 
p y rro ly l)-lith iu m  (0*44 mol) ^prepared from n -b u ty l-lith iu m  (0*44 mol) and 
1 -m ethylpyrrole (36*0 g , 0*44 mol)J in  ether (300 cm'*). The r e s u lt in g  m ixture 
was heated under r e f lu x  fo r  a fu rth er  4  cooled in  ic e ,  and hydrolysed by
'Tthe add ition  o f ammonium ch lorid e  so lu tio n  (10% w/v; 200 cm ) .  The organic  
la y er  was separated, and the aqueous phase extracted  w ith e th er . The combined 
organic la y ers  were dried  (MgSO )^ and the so lven t evaporated. The brown 
resid u e was d i s t i l l e d  to g iv e  the phosphinamidate (CLXIV), (11 g , 28%), 
b .p . 140-1600 a t  0*35 mmEg. The d i s t i l l a t e  which s o l id i f ie d  on standing was 
then r e c r y s ta l l is e d  to g iv e  a white s o l id ,  m.p. 94° (Found: G, 60*05; 2 , 8*0;
E, 14*9. Gi4 H22n3OP c> 60'2; H> 7*95; N, 15-0596); X  (CDGl^) 3-0 -
3*2 (2H, m), 3*6 -  3*95 (4H, m), 6*12 (6H, s), 6*45 -  7*12 (4 H, m), 8*95 
(6H, t ) ;  &51P (GEGl^) -11*75 P .p .m ..
The A lkaline H ydrolysis o f Phosphine Oxides.
T ri-(2-furyl)ph osph ine Oxide (iXXVl) -  a mixture o f  tr i-(2 -fu r y l)p h o sp h in e  
oxide (5  g , 0*02 mol) and sodium hydroxide (0*81 g , 0*02 mol) in  aqueous dioxan  
(50% v /v ; 60 cm^) was heated under r e f lu x  fo r  72 h . The m ixture was then  
cooled , and extracted  w ith  chloroform. The chloroform la y er  was dried (ilgSO^)
and evaporated to give unchanged phosphine oxide (LXXVl), ( 0 4  g> 8% recovery)*  
The aqueous phase was a c id if ie d  w ith concentrated hydroch loric ac id  to g iv e  a 
w hite s o lid . The compound was r e c r y s ta l l is e d  to  g iv e  d i-(2 -fu ry l)p h o sp h in ic  
acid  (CLX), (2*8 g , 71%) > m.p. 149° ( e*  n-hexane-ethanol) (Found:- C, 48*7;
H, 3 . 5 . C8EjO P requires C, 48*5; H, 3*55%); X  (CL^)2<GO 2*0 -  2*15 (2H, m), 
2*7 -  2*85 (2H, m), 3*3 -  3*45 (2H, m), and 4*55 (1H, s ) ;  th e s ig n a l a t  4*55 T  
disappeared on the add ition  o f D^O.
T ri- (2 -  th i eny 3.) pho sphin e Oxi de (LXXVIl) -  a mixture o f t r i - ( 2 - th i enyl) phosphine 
oxide (4*2 g , 0*014 mol) and sodium hydroxide (0*57 g» 0 *014  mol) in  aqueous
;zdioxan (50% v /v ; 50 cm ) was heated under r e f lu x  fo r  120 h . The so lu tio n  was 
cooled and extracted  w ith chloroform. The organic la y er  was dried  (MgSO )^ 
and the so lven t evaporated to g ive unchanged phosphine oxide (LXXVIl), (2*5 g> 
60% recovery ). The aqueous phase was a c id if ie d  w ith concentrated hydroch loric  
acid  to y ie ld  a white s o l id , which was f i l t e r e d  and r e c r y s ta l l is e d  to g ive  
co lo u r le ss  c r y s ta ls  o f d i-(2 -th ien y l)p h o sp h in ic  acid  (CLXl), (1*2 g , 37%) > 
m.p. 193° ( l i t . , 192 m.p. 193°); t  (CDClJ -  1*75 (1H, s )  2*0 -  2*55 (4H, m), 
and 2*6 -  2*9 (2H, m); the s ig n a l a t -1 *7 5 ^  disappeared on th e  ad d ition  o f  
L i- ( 2-fury”1 )phenylphosphine Oxide (CLVIIl) -  s im ila r ly  a m ixture o f  
di-(2-furyl)phenylphosphine oxide (1 g , 0*004 mol) and sodium hydroxide 
(0*16 g, 0*004 mol) in  aqueous dioxan ( 50% v /v ; 20 cm^) was heated under r e f lu x  
fo r  72 h. The so lu tio n  was then cooled and extracted  with ch loroform . The 
organic layer, was dried (KgSO^) and the so lven t evaporated to g iv e  unchanged 
phosphine oxide (CLVIIl), (0*1 g, 10% recovery). The aqueous phase was 
a c id if ie d  w ith concentrated hydroch loric acid  to  g iv e  ( 2-furyl)phenylnho sp h in ic  • 
acid  (CLXIIl) (0*55 g> 70%). The product was d isso lv ed  in  ethanol and is o la te d  
as the dicyclohexylam ine s a l t ,  m.p. 179° (ex n-hexane) (Found: G, 67*85;
H, 8*25; N, 3*55* C22^ 2MP0 req u ires C, 67*85; H, 8*25; N, 3*6%); X  (CDCl^)
1*9 -  2*75 (611, m), 3*05 -  3*25 (1H, m), 3*55 -  3*75 (1H, m), and 6*6 -  9*4 
(24H, m).
The Attempted. A lk a lin e h y d r o ly s is  o f  T r i-2 -(l-m eth y lp y rro ly l)p h o sp h in e  Oxide  
(LXXV; R = CH^) -  a  m ix tu re  o f t r i -2 - ( l-m e th y lp y r ro ly l)p h o  sph ine  oxide (1*3 S t  
0*0045 mol) and sodium hydroxide (0*36 S t  0*009 mol) in  aqueous dioxan
z(50% v /v ; 20 cm ) was h eated  under r e f lu x  f o r  168 h . The s o lu t io n  was th en  
cooled and e x tra c te d  w ith  ch loroform . The o rg an ic  la y e r  was d r ie d  (MgSO^) 
and th e  so lv en t evaporated  to  g ive unchanged phosphine oxide (LXXV; R ~  CH^) 
(1*15 S t  88% re c o v e ry ) . The aqueous phase was a c id i f ie d  w ith  c o n ce n tra te d  
h y d ro ch lo ric  a c id , w ithou t p r e c ip i ta t io n  o f d i - 2 - ( l  -m e th y lp y rro ly l)p h o sp h in ic  
a c id  (CLXIl).
S im ila r ly  th e  a ttem pted  a lk a l in e  h y d ro ly s is  o f (LXXV; R = CH^) (2 g ,
0*007 mol) w ith  sodium hydroxide ( 0*56 g , 0*014 mol) in  aqueous d im ethy l
7sulphoxide ( 70% v /v ; 20 cm/) occurred  w ith o u t fo rm ation  o f th e  pho sp h in ic  a c id  
(031411), and r e s u l te d  in  th e  reco v ery  o f  unchanged phosphine oxide (1*76 g,
88% re c o v e ry ) , fo llo w in g  a r e f lu x  p e rio d  o f 72 h .
The Attempted A lk a lin e  H ydrolysis o f P h e n y ld i-(2 -t h i e n y l)phosphine Oxide 
(CLIX) -  a m ix ture  o f p h c n y ld i- (2 -th ien y l)p h o sp h in e  oxide (1 g, 0*0035 mol) 
and sodium hydroxide (0» 14 S t  0*0035 mol) in  aqueous d ioxan (50% v /v ;  20 cm'O 
was h eated  under r e f lu x  f o r  72 h . The s o lu t io n  was then  coo led , and e x tra c te d  
w ith  ch loroform . The o rg an ic  la y e r  was d r ie d  (KgSO^) and th e  so lv e n t 
evaporated  to  g iv e  unchanged phosphine ox ide  (CLIX) (0*8 g , 80% re c o v e ry ) .
The aqueous phase was a c id i f ie d  w ith  co n cen tra ted  h y d ro ch lo ric  a c id  w ithou t 
p r e c ip i ta t io n  o f  phosphin ic a c id . The a c id i f i e d  s o lu tio n  was e x tra c te d  w ith  
chloroform  and th e  e x tra c t  d r ie d  (i-igSO^). E vaporation  o f th e  s o lv e n t  d id  n o t  
y ie ld  p h e n y ld i-(2 - th ie n y l)p h o sp h in ic  a c id .
The Attempted A lk a lin e  I-lydrolysis o f N ,H -h ie th y ld i-2 -(  1 -m e th y ln y r ro ly l) -  
phosphinam idate (CLXIV) -  a  m ix tu re  o f E ,E -d ie th y ld i-2 - ( l~ m e th y lp y rro ly l)~  
phosphinam 1 d a te  (1 g , 0*0036 mol) and sodium hydroxide (0*3 S t  0*0075 mol) in  
aqueous dioxan (50% v /v ; 10 cm^) was h eated  under r e f lu x  f o r  17 h . The s o lu t io n  
was then  cooled and e x tra c te d  w ith  ch loroform . The o rg an ic  la y e r  was d r ie d
(ilgSO^) and the so lv en t evaporated to g iv e  the phosphinamidate (0* 5 g , 5®% 
recovery, a fte r  r e c r y s ta l l is a t io n  from n-hexane). The aqueous phase was 
a c id if ie d  w ith hydroch loric ac id , w ithout p r e c ip ita tio n  o f  d i-2 -( l-m e th y l-  
pyrroly l)phosp hin ic acid  (CLXIl).
S im ilarly  the attempted a lk a lin e  h yd ro lysis  o f  ( CLXIV) (1 g, 0*0036 mol) 
w ith sodium hydroxide (0*3 g, 0*0075 mol) in  aqueous dim ethyl sulphoxide
7(80% v /v ; 12 cm ) occurred without formation o f the phosphinic acid  ( CLXIl), 
and resu lted  in  the recovery o f unchanged pho sphinamidate (0*4 g , 40% recovery) 
fo llo w in g  a r e f lu x  period o f  40
The Acid H ydrolysis o f  N,IT-DiethyIdi-2-( 1 -me thylpyrrolyl)nho sphinami date (CLXIV)
-  to a so lu tio n  o f IT, IT-di e th y ld i-2 -  (1 -methylpyrro lyl)pho sphinami date (1 g ,
7 7
0*0036 mol) in  dioxan (10 cm ) was added d ilu te  hydrochloric acid  (2K, 10 cm ) ,  
and the r e su lt in g  mixture was heated under r e f lu x  fo r  1 h during which time a 
dark brown r e s in  separated. The nature o f  the product was not in v e stig a te d  
fu rth er .
The Attempted Preparation o f D i-2-(l-m ethylp;yTrolvl)pho sphinic Acid ( CLXIl)
-  a so lu tio n  o f  2 -(1 -m eth y lp yrro ly l)-lith iu m  (0*2 mol) prepared from n -b u ty l-
1 Xlith ium  (0*2 mol) and 1-m ethylpyrrole (45 g»> 0*2 mol) in  ether (600 cm ) 
was added dropwise w ith s t ir r in g  under n itro g en , to  a so lu tio n  o f  phosphoryl 
ch lorid e  ( 30*7 g> 0*2 mol) in  ether (250  cm^), maintained a t ic e -b a th  temperature. 
The r e su lt in g  so lu tion  v/as heated under re flu x  fo r  1*5 h, cooled and l e f t  
overn ight. The mixture v/as then hydrolysed by the add ition  o f ic e -c o ld  w ater, 
and the in so lu b le  m ateria l tr itu ra ted  w ith d ilu te  sodium hydroxide. The 
so lu tio n  v/as f i l t e r e d  and a c id if ie d  v/ith d ilu te  hydrochloric ac id  to  y ie ld  a 
brown o i l  which v/as extracted  v/ith chlorofoim . The ex tract v/as dried (KgSO^) 
and the so lven t evaporated to g ive a brown resid u e  which could not be induced  
to  c r y s t a l l i s e .
P repara tion  of Phosphinate E s te r s .
E th y ld i-( 2 - f  u r y l) phosphinate (CLXV) -  diazoethane (0*02 mol) [^prepared ^  from
-jN-ethyl-N  -n itro-iT -n i tro so guanidine (3*2 g , 0*02 mol) and potassium hydroxide
(4 * 6  g ,  0 * 0 8  m o l ) J  i n  e t h e r  ( 5 0  cm ^) w a s a d d e d  s l o w l y  t o  a  c h i l l e d  s o l u t i o n  o f
•2d i - (  2 - f u r y l ) p h o s p h i n i c  a c i d  ( 2  g ,  0*01 m o l)  i n  a b s o l u t e  e t h a n o l  (30 cm ) .
A fter the add ition  was complete, the mixture was allowed to stand fo r  1 h, 
before excess d ia  oethane v/as removed by the passage o f n itrogen  through the 
so lu tio n . The mixture v/as then dried  (Na^SO^), and the so lven t evaporated to  
give a yellow  o i l  which s o l id i f ie d  on standing. The s o lid  was r e c r y s ta l l is e d  
to g iv e  the e s ter  (1*3 g> 572°)t m.p. 76° (ex  n-hexane) (Pound: C, 53*15;
E, 5 -0 . C^H^O.P req u ires C, 53-1; H, 4 * 9 $ 5  t  (CDClj) 2-2 -  2>35 (2H, m), 
2*65 -  2*02 (2H, m), 3*38 -  3*55 (2H, m), 5*55 -  6-08 (2H, m), and 8*62 (3H, t )  
S 5 P (CHClJ -4*25 p .p .m ..
E th y  l d i -  ( 2 - t h i  e n y l ) p h o  s p h i n a t  e  (CLXVl) -  v /a s  s i m i l a r l y  p r e p a r e d  b y  t h e  a d d i t i o n  
o f  d i a z o e t h a n e  ( 0 * 0 2  m o l)  J j p r e p a r e d " ^  fr o m  N - e t h y l - N ^ - n i t r o - l T - n i t r o s o g u a n i d i n e  
(3 * 2  g ,  0 * 0 2  m o l)  a n d  p o t a s s iu m  h y d r o x id e  ( 4 * 6  g ,  0 * 0 8  m ol)^J i n  e t h e r  (50 cm^) 
t o  a  c h i l l e d  s o l u t i o n  o f  d i - ( 2 - t h i e n y l ) p h o s p h i n i c  a c i d  ( 2  g ,  0*009 m o l )  i n  
a b s o l u t e  e t h a n o l  (30 cm ) .  E v a p o r a t io n  o f  t h e  s o l v e n t  i n  t h e  l a t t e r  s t a g e s  o f  
t h e  p r o c e d u r e  g a v e  a  c o l o u r l e s s  o i l  w h ic h  s o l i d i f i e d  o n  s t a n d i n g .  T h e  s o l i d  
w a s r e c r y s t a l l i s e d  t o  g i v e  t h e  e s t e r  ( 1 * 4  g> 62% ), m .p .  6 1 °  ( e x  n - h e x a n e )  
(F o u n d : C, 4 6 * 5 5 ;  H, 4 * 2 .  C ^H ^O ^S r e q u i r e s  G, 4 6 * 5 ;  H, 4*25% ); f  (CDCl^) 
2 * 1 5  -  2 * 5  (4 H , m ) ,  2 * 6 5  -  3*0 (2 H , m), 5 * 5 8  -  6 * 0 8  (211, m), and  8*63 (3H, t ) ;  
S 5 P (CHClj) -16*0 p .p .m ..
Ethy ld i  phenylpho sphinate (CLXVIl) -  diphenylphosphinyl ch lorid e  (7*5 g>
0*032 mol) ^prepared by the ox id ation  o f diphenylchlorophosphine^^J in  benzene 
(25  cm^) was added dropv/ise v/ith constant s t ir r in g  under n itro g en , to a 
re flu x in g  so lu tion  o f  absolute ethanol (4*6 g , 0*01 mol) and pyrid ine (5*6 g , 
0*07 mol) in  benzene (25 cm ) .  The r e s u lt in g  so lu tio n  v/as heated under r e f lu x  
fo r  12 h, cooled and f i l t e r e d  to remove the pyridinium hydrochloride
p rec ip ita ted  during the rea c tio n . The benzene v/as evaporated from the f i l t r a t e ,  
and the residu e d i s t i l l e d  to g ive  the e s te r  (5  g , 64%), b .p . 170—172° a t  
1-5 mmllg ( l i t . , 119 b .p . 173- 175° a t  1*5 mmHg); T  (CPC1.) 1-8 -  2*8 (10H, m),
5*66 -  6*15 (2H, m), and 8*67 (3H, t ) ;  8  51p (CHC1.) -27*2 p .p .m .. G .l .c .  
a n a ly s is  in d icated  the product to  be)>99% pure.
The A lkaline h yd ro lysis  o f Pho sphinate E ster s .
The same general procedure v/as used as fo r  the diethylphosphonate e s t e r s .
Thus, the pho sphinate v/as heated under r e f lu x  in  sodium hydroxide so lu tio n  
(10% w/v) u n t i l  a homogeneous rea ctio n  mixture v/as formed. The so lu tio n  v/as 
then cooled , and a c id if ie d  v/ith hydroch loric a c id . The mixture v/as then 
extracted v/ith ch loroform , and the combined ex tra cts  dried  (bla^SO^).
Evaporation o f  the so lven t gave the acid which v/as r e c r y s ta l l is e d .
P i- (2 - fu r y l)  pho sphinic Acid -  m.p. 149° ( ex n-hexane-ethano l ) .
Di~( 2- th i en y l) pho sphini c Aci d -  m.p. 193° (ex  n-hexan e-eth an ol) ( l i t . , 19^
m.p. 193°)•
P i ph eny Ipho sphinic Acid -  m.p. 195° (ex  n-hexan e-eth an ol) ( l i t . , 19  ^ 195-196°). 
The K in etics  o f A lkaline h y d ro ly s is .
The hydrolyses v/ere carried  out in  aqueous dioxan (50% v /v ;  0*1M in  KCl) a t  
equal i n i t i a l  concentrations o f  pho sphinate e s te r  and sodium hydroxide, and 
v/ere fo llow ed  by a conventional b a c k -titr a tio n  procedure in  which the decrease  
in  sodium hydroxide v/as determined. The so lu tio n s  v/ere in  a therm ostatted  
bath con tro lled  to -1 . The data v/ere evaluated by the method o f  in teg ra tio n  
u sin g  the le a s t  squares programme o f a I.M.E. 120 e lec tr o n ic  desk c a lc u la to r ,  
and in  a l l  cases a p lo t  o f  1/[0H” ] versus time v/as l in e a r , confirm ing a 
second-order ra te  law.
P u r ific a tio n  o f P ioxan.
The dioxan so lven t used in  the k in e t ic s  o f  a lk a lin e  h y d ro ly sis  o f  the
phosphonate and pho sphinate e s t e r s ,  v/as p u r if ie d  according to the general
202procedure described by Vogel •
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APPENDIX 1
Post-graduate Courses o f Stud?/- 
The fo llo w in g  post-graduate le c tu r e s  were attended.
1 . At the U n iversity  o f  S h e ff ie ld .
(a) Structure determ ination by mass spectrometry (6 le c tu r e s )  
(*) P r in c ip les  o f nuclear magnetic resonance and chemical 
a p p lica tio n s (6 le c tu r e s )
(c ) K in etics o f  Enzymic Action (6 le c tu r e s )
2 . The Chemical S oc iety  Summer School in  Mass Spectrometry, 
U n iversity  o f  S h e ff ie ld , March 1972*
